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CHAPTER 1 

INTRODUCTION 



1-1. PurpoM. The main purpose of this book is 
to serve as a text in diesel schools preparing diesel 



made possible the automobile, airplane, and subma- 
rine. The Navy uses comparatively few gasoline en- 
gines except in airplanes and in some power boats. 
However, the use of diesel engines in naval vessels is 
very large. The total horsepower of diesel engines 
installed in the Navy for various applications is over 
12,000,000 bhp. and is continuously growing.* The 
tremendous growth of diesel engine application can 
be seen from the following figures: from August, 
1941, to June, 1943, the number of diesel-propcllcd 
seagoing vessels has been multiplied by 13- In 
August, 1941, one-third of the diesel -propel led ships 
were submarines; in June 1943 one-tenth of the diesel- 
propcllcd ships were submarines. Thus, while the 
number of submarines has grown four times, the 
number of surface vessels has grown 17-5 times.** 

1-4. Usage of diesel engines. In the Navy, diesel 
engines were used successfully first in submarines, 
then in small boats. Lately, the application of these 
engines has been widely extended. Diesel engines 
are being used to drive tugs with from 400 to 3,000 
hp., depending up)on the size and type; various types 
of landing craft, varying from 175 to 2,000 hp.; sub- 
marine chasers with from 800 to 1,800 hp.; patrol craft 
and minesweepers with 3,000 hp.; seaplane tender? 
with 6,000 hp.; submarines with 6,400 hp.; escort 
vessels with from 6,000 to 12,000 hp., and auxiliary 
ships and tenders up to 12,000 hp.* In addition, 
diesel engines arc used extensively as an auxiliary 
power supply or as stand-by power in battleships, 
cruisers, and aircraft carriers. 

1-5. Advantages of diesel engines. The main 

advantages are: (a) high power pei pound of engine- 
installation weight, particularly with present-day 
high-speed engines; (b) high reliability in operation; 

"Oau ukeii from Rear-Admiral E. W. Millv* paper: "Some A^pccu of Oiescl Eagiocs (or 

Na>j Miiii Propultton." McchanicjJ Engioeenne. SetK. 194). p. 62>. 
••t>jiti ukcti from Cap(4m T G Reamy'> paper . ■Diesel Engine Maintenance io the Navy," 
Mechanical hngineering, Scpx 1*H). p. 62S. 



engineering officers and diesel engine service men for 
the United States Navy. It should be noted that the 
educational background of the men going through the 
various diesel schools differs; different numbers of 
hours are assigned to classroom work; and the schools 
themselves have different engine equipment around 
which their courses are built. Therefore, the book 
had to be written in such a way as to be readily 
understandable to all of the trainees and to contain 
all information required by all schools. In cases 
where the time allowed for the study of this material 
is not sufficient to cover the whole book, it will be 
necessary to leave out certain chapters or sections. It 
is hoped that those men who are really interested in 
diesel engines and in raising their own standing, will 
later find time to study those chapters and sections 
which were omitted during their school training. 

1-S. Definition of a diesel engine. The internal- 
combustion engine is an engine from which work is 
obtained by the burning or combustion of fuel within 
the engine cylinders themselves. A diesel engine is an 
internal<ombustion engine which uses fuel oil, in- 
jected in a finely divided state into the cylinder which 
contains air compressed to a comparatively high pres- 
sure and temperature. The temperature of the air 
must be so high as to ignite the particles of the in- 
jected fuel. No other means are used for ignition. 
Due to the method of ignition used, diesel engines 
are often called compression-ignition engines. This dif- 
ferentiates them from other internal-combustion 
engines called spark- ignition engines. These latter 
engines use gasoline as fuel and the mixture of gasoline 
and air is ignited by an electric spark. 

1-3. Importance of intemal-combusfion engines. 

The importance of the internal-combustion engine. 
in general, can readily be seen from the fact that it 
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(c) low fuel consumption per hp.-hr., which means 
an increased cruising radius for seagoing vessels; (d) 
reduced fire-hazard as compared with gasoline engines. 

1-6. Trends in development. The first diesel en- 
gines were low-speed, low-pressure heavy engines. 
The first : reps of development were: (a) to increase 
the power for a given bore and stroke by raising the 
operating speed, thus getting more power strokes per 
minute, and (b) to raise the gas pressure in the cylin- 
ders by improving the combustion, by obtaining a 
better utilization of the air inside of the cylinder. 
The next step was to reduce the weight of the engines 
by a more careful use of materials; avoiding unneces- 
sary weight where possible; using materials of higher 
strength for a given weight, both in stationary and 
moving parts, such as using high-grade alloys instead 
of cast-iron for exhaust valves, aluminum alloys in- 
stead of cast-iron for pistons, high-grade alloy steels 
for carbon steel in connecting rods and crankshafts, 
welded steel instead of cast-iron for framework, nickel 
cast-iron for cylinder liners, etc. Particular attention 
had to be paid to lightening the reciprocating parts, 
in order to reduce thj undesirable forces of inertia as 
the engine speeds were gradually being increased. 
Another step was changing the engine shape to get 
more power for the same overall bulk. This was 
done by shortening the engines by using a V-type 
cylinder arrangement or crowding the cylinders to- 
gether by using an X-type arrangement with a vertical 
shaft and several banks of cylinder rows as seen in the 
pancake engine. 

The latest step is supercharging, i.e., increasing the 
amount of air taken in which permits an increase in 
the amount of fuel burnt in the engine, thus raising 
the useful pressure and the horsepower developed. 
While present diesel engines are tremendously im- 
proved as compared with diesel engines built 20 and 
even 10 years ago, further progress undoubtedly will 
take place. The probable procedure will be a further 
increase in the engine speed and the obtaining of 
more efficient combustion. However, improvements 
become more and more difficult as the present engines 
have almost reached the safe limits of high tempera- 
tures and stresses in various parts. 

1-7. Importance of Fundamentals. A thorough un- 
derstanding of, and familiarity with, the fundamen- 
tals of internal-combustion engines as presented in 



this book is important for several reasons. First, it 
is essential for an understanding of the operation of 
various engines and the functions of the different 
parts. It is much easier for a person to do something 
properly when he understands why he has to do it 
rather than to do it simply because he has been told 
to. The understanding of the fundamentals underly- 
ing the operation of difl^erent engine parts helps to 
prevent undesirable operating conditions and thus 
reduces the maintenance troubles. Second, it is im- 
possible to cover every possible problem in a short 
school term. A proper understanding of the funda- 
mentals helps to solve new problems of operation and 
maintenance, and suggests how to meet new condi- 
tions of operation. Furthermore, a good understand- 
ing of the fundamentals will help materially in 
dealing with an engine of a new type or a new design, 
because the basic principles for all engines arc the 
same. The different shape of a certain part will not 
cgnfuse a person who understands the purpose and 
operating conditions of a certain engine part or a 
piece of auxiliary equipment. In a case when a diesel 
operator has to use a helper who did not receive 
diesel-engine training, or has to teach a man to take 
his place in an emergency, a thorough understanding 
of the fundamentals will be of invaluable help. When 
asked by the green man why he should do such or 
such a thing, he will be able to answer the questions 
of the inexperienced man and this will increase his 
usefulness and will raise the professional pride of the 
unexpected teacher, making him a leader instead of a 
straw boss. At the same time it is well to remember 
that studying from a book is not enough, regardless 
of how good the book may be. It takes several years 
of practical experience in operating and servicing 
diesel engines of various types to become a real diesel 
man. 

1-8. Questions. 1. What is the definition of a 
diesel engine? 

2. What Naval vessels have the largest dicscl-cngine 
installations? 

3. Enumerate the main advantages of a diesel 
engine. 

4. What is the probable trend of further develop- 
ment of diesel engines? 

5. Enumerate briefly the importance of knowing 
the fundamentals of diesel engines for an engineering 
officer and a dicscl-cngine operator or service man. 
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CHAPTER 9 

BASIC PRINCIPLES 



Unifs of measurement. All physical quanti- 
ties can be expressed by means of three units — length, 
force, and time. In the English system, used in the 
United States, the standard units arc the foot (ft.), 
pound (lb.), and second (sec.)- 

Derived units arc units derived from the three 
standard English units and are used to measure quan- 
tities encountered in engineering practice. 

2-2. Derived units. Area is a measure of surface 
and is expressed as the product of the length and 
width, or of two characteristic lengths of the surface. 
Areas are expressed in square units, such as square 
feet (sq. ft.) or (sq. in.). 

Volume is a measure of space and is expressed as the 
product of area and length, or of three characteristic 
lengths of the space. Volumes are measured in cubic 
units, such as cubic feet (cu. ft.) or cubic inches 
(cu. in.). 

Linear motion is the length of the line along which a 
point or a body has moved from one position to 
another. Linear distance is measured in units of 
length, such as feet or inches. 

Kotarji motion is the movement of a point or body 




Figvf 2-7. Rotary motion. 



along a circular path. The position of a point or 

body rotating about a fixed point in a plane may be 
expressed by the angle through which it has rotated. 
Thus in Fig. 2-1, when point a has moved to A, 
remaining all the time at a constant length r from the 
fixed point o, the position of b is determined by the 
angle of rotation c. Angles are measured in degrees, 
360° corresponding to one complete revolution. 

Velocity is the distance traveled by a moving point 
in a unit of time, as sec, min., or hour. Velocity is 
computed by dividing the distance traveled by the 
time used for the travel, 

Vcloci ty = d ist ance -i- 1 i me (2-1) 
When the distance is expressed in feet and the time 
in minutes, the velocity will be expressed in feet per 
minute (ft. per min.) or ft. /min. If the time is ex- 
pressed in seconds, the velocity will be expressed in 
feet per second, (ft. per sec.) or ft. /sec. 

Example 2 1. A point traveled 1,800 ft. in 2.5 min. 

Find its velocity 
VclcKity =distatKc -r time -1,800-5-2.5=720 ft. /min. 

Velocity may be uniform or varying. If the motion 
is uniform, i.e., when the velocity is constant, the 
above expression will give the actual velocity. If the 
motion, and hence also the velocity, is not uniform, 
as in the reciprocating motion of a piston in an engine 
cylinder, then the above expression will give the 
average velocity. The average piston velocity is referred 
to as piston speed. The velocity of a moving vehicle 
or aircraft is generally called speed and is expressed 
in miles per hour (mph.). 

Example 2-2 Find' the velocity in ft. /min. of an 
automobile traveling at a speed of 30 mph. 
Since 1 mile = 5.280 fr. and 1 hour = 6C^ min , the 
speed of 50 mph. ==50 X5,280-1-60 = 4,400 ft min. 

When referring to the flow of fluids such as gas or 
water, the rate of flow is called velocity and is ex- 
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pressed in terms of feet per minute (ft./min.) or feet 
per second (ft. /sec.)- On the other hand, the term 
speed is applied when referring to the rotary motion 
of a mechanism. Thus, engine speed is said to be so 
many revolutions of its crankshaft per minute, and is 
designated as rpm. 

Acceleration is the change of velocity of a moving 
body in a unit of time. Acceleration may be uniform 
or varying. It is considered positive when the velocity 
increases, and negative when the velocity decreases. 
Negative acceleration is called deceleration. 

Acceleration is computed by dividing the change 
in velocity by the time during which this change takes 
place. If the acceleration is uniform, then this expres- 
sion will give the actual acceleration. If the change in 
velocity is not uniform, then this expression will give 
the average acceleration. When the velocity is expressed 
in ft./min., acceleration w^ill be expressed in ft. min. 
per minute or ft. min. ^ If the velocity is expressed 
in ft. /sec, the acceleration will be expressed in ft. sec. 
per second or ft. /sec. ^ 

An example of constant acceleration is the accclcra- 
__tipn of the earth's force of gravity, which for all 
technical calculations can be taken as 32.2 ft. scc^. 
If a body is released above the surface of the earth, it 
will begin to fall, being attracted to the center of the 
earth. If the density of a body is high, such as that 
of a metal part, the resistance presented by the air is 
very small and generally may be disregarded. The 
acceleration of gravity means, that during each sec- 
ond, the velocity of a falling body will increase by 
32.2 ft. /sec. If the resistance of the air is large, as 
in the case of a falling body supported by a parachute, 
the acceleration will be reduced. 

Example 2-3. A body at rest is acted upon by a 

force which after 4 sees, has caused it to acquire 

a velocity of 6,000 ft./min. What is the average 

acceleration in ft. /sec. P 

6,000 ft. min. = 6,000 -i- 60 = 100 ft. /sec. 

. . , change in velocity 100 -0 , , 

Av. Accel. = — : — : — ^= — - — «25 £t./scc.2 

change m time 4 

Pressure may be defined as a force acting on a unit 
of area. Pressure may be exerted cither by a solid 
body or by a fluid. 

Example 2 -4. Determine the pressure on the sub- 
base of an engine; the weight of the engine is 1,800 
lbs.; the contact area between the engine and the 
subbasc consists of two strips, each 2 in. wide 
and 40 in. long. 

In this case the weight of the engine is a force 



pressing the engine against the subbasc and the 
pressure p will be equal to 

^ 1,800 . 

^-2(2x^0)"^' '5 P^^- 
In general this can be expressed as 

Pressure =» force -r area 

or 

p'F-irA (2-2) 

Where the force may be in pounds and the area 
upon which the force is acting may be expressed 
in square inches or square feci. Accordingly, 
pressure may be in pounds per square foot (psl.) 
or pounds per square inch (,psi.). 

In the case of contact between two solid bodies, 
the surfaces have a perfect uniform contact only in 
exceptional cases. The presence of uneven areas will 
give higher pressures at the high spots, and lower, 
if any, at the places of depression. In such a case, the 
pressure determined as in the above example will 
give only the average value. However, when a force 
is transmitted by a fluid, cither liquid or gas, the 
pressure between the fluid and the walls of the con- 
tainer will be uniform and equal in all directions, 
regardless of the shape of the walls. 

Example 2-5. Determine the pressure in an air 
compressor if the force acting upon the piston 
is 7S0 lbs. and the piston diameter is 3 in. 
The area of a 3-in. circle 

Tr2=. T C^^2)2«(T^)-r4 = 3.14 X 3^ 
-r 4 "7,07 sq in. and the pressure will be 
according to equation (2-2) 

p = 750^7.07-106 psi. 

Specific gravity. The ratio' of the weight of a certain 
volume of a liquid to the weight of an equal volume 
of water is called specific gravity. For practical use, it 
is well to remember that 1,728 cu. in. = l cu. ft., 
1 cu. ft. of fresh water weighs 62.4 lbs. and since 1 
gal. = 231 cu. in., 1 gal. therefore weighs 
62.4X231^1,728-8.34 Ibs./gal. 

Example 1~6. Determine the weight of 1 gal. of 
fuel oil which has a specific gravity of 0.84. 
The weight of the oil will be equal to the 
weight of the water times the spcciBc gravity, 
or 8.34X0.84-7 Ibs./gal. 

5-3. Work and power. Work is done when a 
force is movmg a body through a certain distance. 
Work is measured by the product of the force F 
multiplied by the distance d moved in the direction 
of the force, 

Work = force X distance ^ 
W= fXd 

Work is expressed in ft. -lbs. or in in. -lbs. 
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Examplf 2-7, Find the work necessary to raise the 
weight of 100 lbs. a distance of 2^ ft. 
The work to be done is 100 X 2.75 - 275 ft./lbs. 

P&wer is the rate at which work is performed, or 
the number of units of work performed in one unit 
of time. Power is measured in ft. -lbs. per min. la 
engineering calculations, 550 ft. -lbs. per sec. = 33,000 
ft. -lbs. per min. and is called a horsepower. 

Powers Work-T- Time 

Example 2~8 Determine the power required to do 
the work of example 2-7 if the work is to be 
performed: (a) in 5 sec. or (b) in 25 sec. 

For case (a): The rate of pcrfnrming the work is 

275 ft.-lbs.^5 sec. ^55 ft. -lbs. per sec. 
Expressed in horsepower this is 

55 ft. lbs. per sec. ^ ^ 
550 It. -lbs. per sec. 

Or, since 55 ft.-lbs./scc. X60 sec. /min. — 
3.300 ft. -lbs. /min. 

3. 300 ft.-lbs. /min. ^ ^ . . . 
then iv^7;;r7 — rr — ; — ~ -0.1 hp. as before. 
33,300 ft. -lbs. /mm. ^ 

For case (b): The rate is 275 ft. -lbs. 4-25 sec. - 
11 ft.-lbs. per sec, so 

llft.-lbs./sec.^ , 
550 ft.-lbs./sec. ^ 

Electric Power is measured in units called watts; 
1,000 warts arc called 1 kilowatt (kw.). The con- 
version factors between hp. and kw. arc 1 hp.«=0.746 
kw. or 1 kw. = 1.341 hp. 

2-4. Temperature. The temperature of a body is 
a characteristic which can be determined only by 
comparison with another body. When two bodies 
arc placed in close contact, the one which is hotter 
will begin to heat the other and is said to have a 
higher temperature. 

The scales of temperature are set arbitrarily. The 
temperature scale used in this country is the Fahren- 
heit scale. In this scale the two reference points are 
the temperature of melting ice, designated as 32*^ F, 
and the temperature of steam with the water boiling 
under normal barometric pressure, designated 212** F. 
The distance on the scale between these two points is 
divided into 180 equal parts called degrees. The scale 
is continued in both directions, above 212*^ and below 
32°. Below 0° F the temperatures arc designated by 
a minus (— ) sign. 

In theoretical calculations pertaining to gases, 
another scale is used, called the absolute or Kartkine 
scale. In this scale the unit, the degree, is the same as 
in the Fahrenheit scale, but the absolute zero is placed 
at —460° F. Thus the relation between the absolute 



temperature, designated T, and the corresponding 
Fahrenheit temperature t is 

Degree Rankine = degree Fahrenheit +460 
or T=;-f 460 (2-5) 

Jji tedink al calculations ^coaiaing-to gascs^60** F 
is called normal or standard temperature, 

8-5. Properties of gases. Pressure has already 
been discussed in Sec. 2-2. Additionally it should be 
mentioned that, the pressure of a gas is often expressed 
by the height of the column of a liquid which will 
balance the gas pressure in the space under considera- 
tion. The liquid used is either water or mercury. 
The relation between the various units can be estab- 
lished noticing that 1 cu. ft. of fresh water at room 
temperature weighs 62.4 lbs., or a column of water 
1 ft. high and acting upon an area of 1 sq. ft. is equal 
to a pressure of 62.4 psf. Since 1 cu. ft. contains 1,728 
cu. in,, the weight of 1 cu. in. of water is 62.4-M,728 
= 0.0361 lb. Therefore, a column of water 1 in. high, 
acting upon 1 sq. in. will produce a pressure of 0.0361 
psi. To obtain a pressure of 1 psi., the column must 
be higher in the proportion of 1-1-0.0361 = 27.70 or 
27.70 in., or also 27.704-12=2.309 ft. Mercury is 
13.6 times as heavy as water, and therefore a column 
of mercury must be shorter in this proportion or 1 psi. 
= 27.70-7- 13.6= 2.036 in. mercury, and conversely 1 in. 
mercury= 1-7-2.036=0.491 psi. 

Gauge and absolute pressures. Instruments measure 
the pressure of gases in respect to the pressure of 
atmospheric air, also called barometric pressure. 
Pressures measured thus, arc called gauge pressures and 
indicate pounds per square inch gauge (psig.) and 
pounds per square foot gauge (psfg.). The actual 
pressure exerted on the gas can be obtained by adding 
to the gauge pressure the barometric pressure. This 
pressure is called absolute pressure, and is indicated as 
pounds per square inch absolute and pounds per 
square foot absolute. If absolute pressure is desig- 
nated pa, gauge pressure pg, and barometric pressure 
then the relation can be written as 

abs. pressure = gauge press ure-f barometric pressure 
or (2-6) 

The barometric pressure b is not constant, since it 
changes with the altitude and weather conditions. 
Normal or standard barometric pressure at sea level is 
taken as 29.92 in. of mercury or 29.92 -^2.036= 14.70 
psia. 

Volume is the space occupied by a body, either solid, 
liquid, or gas. If the body is a vapor or gas, its vol- 
ume must be confined from all sides. In engines the 
volume of gas is usually confined by 2i cylinder having 
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one end closed by a stationary cylinder head, and the 
other end closed by a movable head called a piston. 
The piston has provisions for a gas tight seal. When 
the piston changes its position, the volume of the gas 
changes. When the piston approaches the cylinder 
head, the volume is being decreased, the gas is com^ 
pressed; when the piston moves away from the cylinder 
head, the volume increases, the gas expands. 

Gas characteristics. In dealing with gases, the three 
measurable quantities, pressure, volume, and tem- 
perature, are called gas properties or characteristics. 
The three characteristics arc connected by a simple 
relation, which for any gas can be written as 

pV=lVKT (2-7) 
where p is the absolute pressure in pounds per square 
foot absolute, V is the volume in cu. ft., W is the 
weight of the gas in lbs., T is the absolute tempera- 
ture in degrees Rankine, and R is a constant called 
the gas constant The numerical value of R is known 
for all gases. It is expressed in ft. -lbs. per lb. per degree 
Rankine. Equation (2-7) shows that if the three 
characteristics for a certain amount of gas are known, 
the weight can be found; or if the weight is known, 
any one of the three characteristics can be found if 
the two others are measured. 

Example 2-9. Find the weight of air contained in a 
2-cu. ft. cylinder, at a pressure of 100 psig. and 
having a temperature of 72** F; the gas constant 
of air R -53.3 

The absolute pressure, by expression (2-^), 
assuming a normal barometric pressure ^ = 14.7 
psia., is 100 + 14.7 = 114.7 psia. or 114 7X144 
16,500 psfa. 

The absolute temperature, by expression (2-5), 
is 7 = 724-460 = 532° Rankine. Solving equa- 
tion (2-6) for W and substituting the corres- 
ponding numerical values gives 

W ^pV^ KT^ 16,500 X 2 -^(53.3X532) - 1 .16 lbs. 

Example 2-10. Determine what will happen if the 
air in Example 2-9 is heated to 150* F. 
The new absolute temperature is 7=150 +460 

-610^= R. 

The characteristic which will change is p. Solv- 
ing equation (2-7) for p, and substituting the 
corresponding values gives 
;>-irRT-^K-l. 16X53 3X610+2-18,900 psfa. 
Converting 18,900 psfa. to psia. gives 18,900 
-^-144 = 131.2 psia. 

The gauge pressure will be, according to equa- 
tion (2 6) 

/r,-131.2-14.7-116.5 psig. 
or an increase of 16.5 psi. over the original 
pressure of 100 psig. 

5-6. Energy. Energy of a body is the amount of 
work it can do. Energy exists in several different 



forms; a body may possess energy through its position, 
motion, or condition. Energy due to a position occupied 
by a body is called mechanical potential energy. An 
example of mechanical potential energy is a body 
located at a higher level, such as water behind a dam. 
When a body is moving with some velocity, it is said 
to possess energy of motion or kinetic energy; for ex- 
ample, a ball rolling upon a level floor. A third form 
of energy is internal energy, or energy stored within a 
body, either gas, liquid or solid, due to the forces 
between the molecules or atoms composing the body, 
such as in steara or gas under pressure. Chemical 
energy in fuel or in a charged storage battery is also 
classified as internal energy. 

These three forms of energy, mechanical potential, 
kinetic, and internal, have in common the character- 
istic of being forms in which energy may be stored 
away for future use. 

\\ ork can be classified as mechanical or electrical 
energy in the state of transformation or transfer. Work 
done by raising a body stores mechanical potential 
energy in the body due to the force of gravity; work 
done to set a body in motion stores kinetic energy; 
work done in compressing a gas stores internal energy 
in the gas; electrical work can be transformed into 
mechanical work by means of an electric motor and 
after that it may undergo other changes the same as 
mechanical work. 

Heat, like work, is energy in the state of transfer 
from one body to another, due to a difference in tem- 
perature of the bodies. 

L'nits of energy. There arc two basic indepcadcac 
units of energy: 

1. The foot-pound (ft. -lb.) is the amount of energy 
as shown by work and is equivalent to the action of 
a force of 1 lb. through a distance of 1 ft. 

2. The British thermal unit (Btu.) is the energy 
required to raise the temperature of 1 lb. of pure 
water by l** F at a standard atmospheric pressure of 
14-70 psia. 

The conversion factor from ft. -lb. to Btu. units, 
often called the mechanical equivalent of heat ^ is 1 Btu. 
778 ft.-lbs. 

There are two other energy units used in engineer- 
ing calculations derived from the basic unit of ft.-lbs. : 

3. The horsepower- hour (hp.-hr.) which is the trans- 
fer of energy at the rate of 33,000 ft.-lbs. per min. 
during 1 hr., or a total of 1,980,000 ft.-lbs., or, using 
the factor 778, 1 hp.-hr. = 1,980,000^778 = 2,544 Btu. 

4. The kilowatt-hour (kw.-hr.) which is the transfer 
of energy at the rate of 1,000 watts per hour or 1341 
hp. per hour which is equivalent to 44,253 ft.-lbs. 



6 



BASIC PRINCIPLES 



RESTRICTED 



per min. during 1 hr., or a total of 2,655,180 ft. -lbs. 
or also 1 kw.-hr. = 2,655,180^778= 3,412 Btu. 

Kinetic tner^y of a bodv is computed by the formula 
K£=Ha^-^^^ (2 8) 

where g is the acceleration due to gravity, 32.2 
ft. 'sec. 2 and V is the velocity of the body, ft. /sec. 
Work done by kinetic energy is due to a change of 
velocity from an initial value of i^i to a final value v%. 

Example 2-11. Find the work done by 500 lbs. of 
exhaust gases discharged upon the blades of a 
supercharger turbine if the initial velocity of 
the gases was 9,000 ft. /min. and the exit 
velocity was 5,400 ft. /min. 
First the velocity must be changed to ft /sec: 
v,=9,000-f60=150 ft. /sec; 
= 5,400 - 60 = 90 ft. /sec. 
By expression (2-8) the kinetic energies before 
and after the turbine arc 
K£i = .HC500 + 32 .2) X 1 502 - 175,000 ft . -lbs. 
K£2=J2(500--32.2)X 902= 63,000 ft. -lbs. 
and the work done -175,000 - 63,000- 112,000 
ft.-lbs. 

The principle of conservation of energy states that energy 
may exist in many varied and interchangeable forms 
but may not be quantitatively destroyed or created. 
Thus, mechanical energy may be transformed into 
heat, or vice versa, but only in a definite relation as 
given before, 1 Btu. = 778 ft. -lbs. Potential or internal 
energy may be changed to kinetic energy, etc. 

2-7. Heat flow. As stated before, heat is a form 
of energy in a state of change; it is expressed in Btu. 
Quantitivcly a flow of heat is determined by the 
change of temperature of a body — heat is conveyed if 
the temperature of the body rises, and taken away if 
the temperature goes down. A quantitive measure- 
ment of heat IS possible only by comparison with the 
behavior of some other body selected as a standard. 
Since the heat unit, Btu., is determined with the aid 
of water, water is used as a standard for determina- 
tion of the behavior of all other substances in respect 
to a change of heat. 

Specific heat. The specific heat of a substance, is the 
ratio of heat flow required to raise by 1^ the tempera- 
ture of a certain weight of the substance, to the heat 
flow required to raise by 1° the temperature of an equal 
weight of water. Due to the definition of 1 Btu., the 
specific heat of water is unity, or 1 Btu./lb.-dcg. F, 
and numerically the specihc heat of a substance is 
equal to the heat flow, in Btu., required to raise by 1** 
the temperature of 1 lb. of the substance. Denoting 
the specific heat by c, the heat flow j^. required to raise 



the temperature of W lb. of a substance from to /a 
degree F is : 

Hcat^ Weight (of body)Xspccific hcatXtcmpcra- 
ture difference or 

fi=W^</2~/0 (2-8) 
In general, specific heat varies with the tempera- 
ture, and for gases depends also upon conditions of 
pressure and volume. For many calculations, a mean 
value of specific heat caa be used. 

Example 2-12. Find the heat which is transferred 
to 53 ^?als. of lubricating oil when its tempera- 
ture rises from 70** F. to 165"* F. The specific 
heat of the oil is 0.5 Btu./lb.-deg. F. and its 
specific gravity is 0 925. 

1 gal. of this oil weighs 8 34X0 925 =7.71 lbs. 
and 53 gals, of it weigh 53X7.71=408 lbs. 
Therefore by expression (2-9) the heat trans- 
ferred 

je-408X0.5(165-70)--19,380 Btu. 

Heat transfer. Generally speaking, heat is trans- 
ferred by three methods: conJuction^ radiation, and 
convection. 

Conduction is energy transfer by actual contact from 
one part of a body having a higher temperature, to 
another part of it or to a second body having a lower 
temperature. 

Radiation is energy transfer through space from a 
hotter body to a colder body. 

Convection is not a form of energy transfer. By con- 
vection is designated a process in which a body and 
the energy in it are moved from one position to 
another without change of state. An example of 
convection is the movement of heated air from one 
part of a room to another. 

Basic principle of heat flow is that heat can flow from 
one body to a second body only if the temperature 
of the first body is higher than the temperature of the 
second body. 

2-8. Problems. 1. Find the area of a piston which 
has a diameter of 6l4 in. Ans. 30.68 sq. in. 

2. Find the volume of air contained in a pipe that 
has an inside diameter of 3. 07 in. and is 12 ft. long. 
Ans. 1,066 cu. in. or 0.617 cu. ft. 

3. Find the velocity of the water in a river if a 
piece of driftwood floats a distance of 6.5 miles in 
2 hr. 10 min. Ans. 3 mph. or 264 ft. /min. 

4. Determine the force which tends to stretch the 
bolts holding a round cover 12 in. in diameter on a 
pressure vessel if the inside pressure is 400 psig. 
Ans, 45,240 lbs. or 22.62 tons. 

5. Find the weight of 54 gals, of lubricating oil 
which has a specific gravity of 0.915. Ans. 412 lbs. 
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6. Find the gauge pressure in psi. corresponding to 
a column of (a) 12 in. of mercury, (b) 25 in. of water. 
Am, 5 89 psig ; 0.90 psig. 

7. Find the absolute pressure for the conditions of 
problem 6 if the barometric pressure is 29.6 in. 
mercury. Ans. 20. 42 psia.; 15-43 psia. 

8. An engine cylinder has a bore of 6}4, in. and a 
piston stroke of 8 in.; when the piston is in its high- 
est position, nearest to the cylinder head, the volume 
of the gases enclosed in the cylinder is 49 09 cu. in. 
Find the volume of gases when the piston is in its 
lowest position, farthest away from the cylinder 
head. Ans. 294 53 cu. in. 

9. The absolute temperature of a gas is 1,095** 
Rank inc. What is its temperature in degrees Fahren- 
heit? Ans. 635° F. 

10. Find the weight of the gases in the engine 
cylinder of problem 8, assuming that at the lowest 
position of the piston the gases are air, the pressure 
and temperature are atmospheric, standard conditions. 
Ans. 0.01303 lb. 

11. Find the work necessary to lift 12,500 gals, of 
oil to a level 12 ft. 7 in. higher. One gal. of oil 
weighs 7 lbs. Ans. 1,100,000 ft. -lbs. 

12. Determine the power required to do the work 
of problem 11 if the oil must be lifted in one-half 
hour. Ans. 1.11 hp. 

13. Express the work of problem 11 in Btu. Ans. 
1,413 Btu. 

14. Find the kinetic energy of a truck moving with 
a speed of 45 mph.; its weight is 6,750 lbs. Ans. 
457,000 f:.-lb. 



15. Find the heat carried away per hour by the 
jacket cooling water of an engine, if the water flows 
at a rate of 11 gals, per min., and the average inlet 
temperature of the water is 124° F, and the outlet 
temperature is 156'' F. Ans, 176,200 Btu./hr. 

2-9. Questions. 1. What are the standard units 
used in the United States? 

2. What is the difference between standard and 
derived units? 

3. What is velocity? 

4. What is the difference, if any, between speed and 
velocity? 

5. What is acceleration? 

6. What is pressure? How is it computed? 

7. What is specific gravity? 

8. What is work? How is it computed? 

9. What is power? 

10. What are the units of power used in engineering? 

11. What is absolute pressure? How is it computed? 

12. In what calculations must absolute tempera- 
tures be used? 

13- Enumerate the three main forms of energy. 

14- Can work or heat be stored as such? 

15. Enumerate the units of energy used in engineering. 

16. W^hat is the principle of conservation of energy? 

17. How is heat flow measured? 

18. What is specific heat? 

19. What are the methods of heat transfer? 

20. What is the difference between conduction and 
convection? 

21. What is the basic principle of heat flow? 
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PETROLEUM PRODUCTS 



3-1 • Glide petroleum. Petroleum or crude oil is 
usually a dark brown liquid and is a mixture of a large 
number of compounds. The main chemical elements 
which form all these compounds are hydrogen and 
carbon. For this reason the petroleum compounds arc 
Called hydrocarbons. The amount of hydrogen present 
in the compounds varies from about 11 to 15 per cent, 
by weight, the balance being carbon. Some of these 
hydrocarbons, when separated from the crude oil, arc 
gases at ordinary temperatures, and are stored under 
pressure in steel cylinders and used as fuel for house* 
hold use. Other compounds, when separated from the 
crude oil, exist as solids at ordinary temperatures, for 
example, asphaltum used as a road surfacing mate- 
rial, or parafhn wax, used for scaling jars of homc- 
canned vegetables and preserves. The m.i)ority of the 
compounds are liquids that vary considerably in 
color, specific gravity, and viscosity, such as gasoline 
and lubricating oil. Crude petroleum also contains 
varying amounts of impurities, such as sulfur, oxygen, 
nitrogen, water, salt, sand, and clay. 

Crude petroleum is found in many parts of the 
world. The crude oil found in a certain locality nor- 
mally exhibits some properties which distinguish it 
from crude oils found in other places. In the conti- 
nental United States, there are three main oil-produc- 
ing areas, and the characteristics of petroleum from 
these areas differ considerably. 

Eastern crude oils consist chiefly of compounds con- 
taining much light oil or gasoline and considerable 
amounts of paraffin wax. Thcv arc nominally termed 
paraffin-base oils. They contain very little asphaltic 
material and sulfur. The proportion of hydrogen in 
products from this crude is usually higher than in 
similar products from crudes from other fields. 

Msd-continent crudes vary within wide limits. In 
general, they contain a slightly lower amount of 
paraffinic compounds and more asphaltic materials. 
They are nominally classified as mtxed-base oils. In 



some cases these crudes contain sulfur in such quan- 
tities as to require special treatment for its removal. 

Western or California crudes contain large amounts 
of asphaltic materials and relatively high percentages 
of sulfur. They are termed asphalt-base oils. 

Large producing areas exist in other parts of the 
United States. These sources produce crudes that, 
according to their characteristics, can bc classified 
with one of the three main types. 

3-2. Diftillation. The separation of petroleum into 
its products is accomplished by what is essentially 
fractional distillation. The means by which this is 
accomplished depends upon the type of crude oil and 
the products desired. Fractional distillation can bc 
briefly described as follows: The crude oil contained 
in a closed vessel is heated by a coil through which 
steam or hot gases are circulated. At first, the low- 
boiling compounds are driven off the crude in vapor 
form. The vapors are taken away by a pipe con- 
nected to the top of the vessel, condensed by cooling 
with a coil, through which relatively cold water or 
oil is circulated, and drained into another vessel. 
The temperature of the crude oil is maintained con- 
stant. After all compounds which boil under and at 
this temperature are driven off or distilled, the flow 
of hot gases through the heating coil is increased, 
the temperature of the crude goes up, and the vapors 
which are distilled are drained, after condensing, into 
another vessel, etc. In the distillation process the 
first three main products obtained, in the order of 
their increasing boiling temperature, called the boiling 
point, are (1) gasoline, (2) kerosene, and Q) gas and 
fuel oil. Lubricating oils are distilled off later or left 
in the un vaporized residue. 

3-3. Diesel fuels. Fuel oils suitable for modem 

high-speed diesci engines and meeting the Navy's 
specifications are obtained either by a straight dis» 
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dilation of petroleum, or by special treatment of 
certain gas oils, or by blending several oils. They 
range from a hczvy kerosene to a medium gas oil. 

The properties of fuel oils have considerable influ- 
ence on the performance and reliability of a diesel 
engine. The chief fuel properties affecting engine 
operation are: 



1. 
2. 
3. 
4. 
5. 
6. 



Ignition quality. 
Volatility. 
Girbon residue. 
Viscosity. 
Sulfur content 
Ash. 



7. Water and sediment. 

8. Flash point. 

9. Pour point. 

10. Acidity. 

11. Heating value. 



Ignitiim quality is one of the most important prop- 
erties of a dicsci fuel. It is expressed by an index 
called the cetane number. Present high-speed diesel 
engines require a cetanc number of about 50. Its value 
as a diescl-fuel characteristic is similar to the octane 
number of gasoline. More information about cctane 
number is given in Sec. 3-5 The ignition quality of 
a fuel determines not only the case of ignition and of 
starting cold engines, but also the kind of combustion 
obtained from the fuel. A fuel with a better ignition 
quality, a higher cctane number, gives easier starting, 
even at low temperatures, together with a quicker 
warm-up, smoother and quieter operation^ lower 
maximum cylinder pressures, and more efficient com- 
bustion, hence lower fuel consumption. 

Volatility of a diescl fuel is indicated by the 90 per 
cent distillation temperature. This is the temperature at 
which 90 per cent of a sample of the oil has distilled 
off. The lower this temperature, the higher the 
volatility of the fuel. In small diescl engines a higher 
fuel volatility is necessary than in larger engines to 
obtain a low fuel consumption, low exhaust tempera- 
tures, and minimum smoke. For high-output naval 
diesel engines the maximum 90 per cent distillation 
temperature is 675** F. 

Carbon residue is left after burning off volatile matter 
in a sample of oil under certain conditions. It indi- 
cates the tendency of the fuel to form carbon deposits 
on engine parts. Naval specifications allow a maxi- 
mum carbon residue of 0.10 per cent. 

Viscosity of a fluid is the measure of its internal fric- 
tion or its resistance to flow. In practice, viscosity is 
expressed by the number of seconds required for a 
certain volume of liquid at some standard tempera- 
ture to flow out through an orifice or hole of a definite 
small diameter. The greater this number of seconds is, 
the higher is the viscosity of the fluid. The instru- 
ment used in the United States for determining vis- 



cosity of oils is the Saybolt Viscosimeter with the Uni- 
versal orifice, and the data it gives are designated as 
S.S.U. y seconds, Saybolt Universal. Viscosity con- 
trols lubrication and friction between the moving 
parts and hence controls their wear. Lubrication of 
the parts in the fuel-injection system depends entirely 
upon the fuel oil, and therefore its viscosity cannot 
be below a certain minimum value. For Navy diesel 
fuel a viscosity of 35-45 S.S.U. at 100^ F is prescribed. 

Sulfur in the fuel burns with the fuel oil in the en- 
gine cylinder and produces highly corrosive gases 
that are condensed by the cooled cylinder walls, 
especialjy when the engine operates under a low load 
and the cylinder temperature drops. Corrosion due 
to sulfur gases from fuel oil is frequently found in the 
exhaust system of diesel engines. Navy specifications 
do not permit a sulfur content over 1.00 per cent. 

Ash and sediment in a fuel are a source of abrasive 
material which will cause excessive engine wear. 
Sediment may also cause clogging of the fuel system. 
Wear may be increased due to corrosion when the fuel 
contains water, especially salt water. A maximum 
permissible content of ash is 0.01 per cent and of 
water and sediment together, 0.05 per cent. 

Flash point is the minimum temperature to which 
an oil must be heated in order to give off inflammable 
vapors in a sufficient quantity to flash or momentarily 
ignite when brought in contact with a flame. A fuel 
oil having an excessively low flash point is dangerous 
in storage and handling. The minimum flash point 
for diesel fuel is 150"" F. 

Pour point is the temperature at which an oil solidi- 
fies or congeals. It is of particular importance in 
connection with cold-starting an engine and for han- 
dling the oil between the storage and the engine. 
The maximum pour point for diesel fuel is 0° F. 

Acidity. A fuel oil must not be corrosive, must not 
contain free acids y in order not to damage metal surfaces 
with which it comes in contact in storage or in the 
engine. 

Importance of specificatims . Some of the harmful 
effects, which may result from a fuel oil which does 
OOt comply with the specifications as outlined arc: 

1. Diflicult cold-starting of the engine. 

2. Reduced maximum power output. 

3. High fuel consumption. 

4. Smoky exhaust. 

5. Rough and noisy engine operation. 

6. Piston-ring and valve sticking. 

7. I>cposits of carbon and gummy substances on 
pistons and cylinder liners. 



10 



PETROLEUM PRODUaS 



RESTRICTED 



8. Contamination of lubricating oil. 

9* Excessive wear of various engine parts. 

3-4. Combustion. Combustion is a chemical reac- 
tion in which certain elements of the fuel combine 
with oxygen of the air, causing an increase in tem- 
perature of the gases. The main combustible elements 
are carbon and hydrogen; another combustible ele- 
ment, undesirable and contained in small amounts, 
is sulfur. The oxygen necessary for combustion is 
obtained from air which is a mixture of oxygen and 
nitrogen. Nitrogen is an inert gas and does not par- 
ticipate in the combustion process. During the proc- 
ess of combustion, the fuel oil particles are split into 
their component elements, hydrogen and carbon, and 
each element combines with oxygen of the air sepa- 
rately. Hydrogen combining with oxygen forms 
water, and carbon and oxygen combine to form 
carbon dioxide. If there is not enough oxygen pres- 
ent, part of the carbon will combine with oxygen, 
forming carbon monoxide. When carbon monoxide 
is formed, the amount of heat developed by each unit 
of carbon is only 30 per cent of the heat developed by 
the formation of carbon dioxide. 

The actual diesel engine produces only a very small 
amount of carbon monoxide. Free carbon, or a greasy 
soot, is the usual result of incomplete combustion. 

The heat value of diesel fuel varies, but an average 
is about 18,600 Btu. per lb. on the basis of the lower 
heat value, when the water formed by the combustion 
of hydrogen is in the state of vapor, as in the case of 
exhaust gases from an engine. 

Theoretically, about 14.5 lbs. of air are required for 
the combustion of 1 lb. of fuel oil. However, under 
such conditions, some particles of oxygen, diluted by 
nitrogen and products of combustion, due to the ex- 
ceedingly short time during which combustion must 
take place, will not be able to participate in the process 
of combustion. Free carbon will be released and some 
carbon monoxide will be formed. Therefore, to insure 
complete combustion of the fuel and avoid the heat 
loss due to formation of carbon monoxide and release 
of free carbon, an excess amount of air is always sup>- 
plied to the cylinder. The ratio of the amount of air 
supplied to the quantity of fuel injected during each 
power stroke, both measured in pounds, is called the 
aiz^juel ratio. The air-fuel ratio is very important 
in the operation of an internal-combustion engine. 
When a diesel engine is operating at light loads, the 
actual air-fuel ratio is several times greater than the 
theoretical value of 14.5- As the load is increased, 
the air-fuel ratio decreases; but even when the engine 



is over-loaded, the air-fuel ratio must be at least 25~30 
per cent greater than 14.5. There should be present 
that much of an excess of air over the minimum re- 
quired for complete combustion. 

3-5. Ignition. In diesel engines, the fuel is ignited 
and combustion started by the heat of compression 
alone. The procedure is as follows: The fuel enters 
the cylinder as a fine mist or fog; the cylinder at this 
moment is filled with almost pure air whose tempera- 
ture is raised by compression to about 1,000-1,050** F; 
the particles of fuel pick up heat from the air, 
begin to turn into vapor, and soon some vapor 
particles ignite. This igniting develops additional 
heat and helps to ignite other vapor particles. 

Ignition delay. The time which it takes to heat the 
fuel particles, turn them into vapor, and bring about 
combustion is called ignition lag, or ignition delay. 
It depends upon the ignition quality of the fuel and 
certain characteristics, particularly engine speed and 
compression ratio. In present high-speed engines it 
takes 0.0012 to 0.0018 sec. This time decreases with 
an increase of the engine speed due to the improve- 
ment of air turbulence, and resultant better heating of 
the admitted fuel. It also decreases with an increase 
in compression pressure. 

Cetane number. The cetane number serves to measure 
the ignition quality of a given fuel. The cetane num- 
ber of the fuel is the percentage of cetane in a mixture 
of cetane and alpha-methyl -naphthalene that has the 
same ignition quality as the fuel which is tested. 
Both cetane and alpha-methyl-naphthalene are hydro- 
carbons, produced chemically from tar oil. Cetane has 
an excellent ignition quality but alpha-methyl- 
naphchalene has a very poor ignition quality. The 
scale runs from 0 to 100, pure alpha-methyl-naphtha- 
lene corresponding to 0 and pure cetane to 100. A 
cetane number of 48 would mean a fuel equivalent to 
a mixture composed of 48 per cent cetane and 52 per 
cent alpha-methyl-naphthalene. 

The cetane number of a fuel sample is determined 
by using it in a special single-cylinder test engine 
with a variable compression ratio. The test pro- 
cedure is based on the fact that the ignition-delay 
period in a given engine at a fixed engine speed de- 
creases with an increase of the compression ratio. 
The delay period is measured from the moment when 
the fuel-injection valve leaves its scat until the igni- 
tion of the fuel produces a measurable pressure rise 
in the cylinder. An ignition-delay period of standard 
length, 13 crank-angle degrees, is used as reference, 
the test fuel is burned in the engine, and the com- 



II 



RESTRICTED 



FUNDAMENTALS OF DIESEL ENGINES-U. S. NAVY 



prcssion ratio is raised in the engine until the 13- 
degree ignition-delay period, as indicated by special 
instruments, is reached and the required compression 
ratio is noted. Next, the engine is run using two 
mixtures of cctanc and alpha-methyl-naphthalene, 
one having a cetanc number about 5 units higher and 
the other about 5 units lower than the expected cetanc 
number of the fuel. The compression ratios of these 
mixtures to obtain a 13-degrcc ignition delay arc 
found, and by proportioning or interpolation, the 
exact cetanc number of the sample is easily computed. 
Fuels with good ignition qualities require lower com* 
prcssion ratios for the 13-degrec ignition delay and 
have a higher cctanc number. Fuels with poorer 
ignition qualities require higher compression ratios 
for the 13-degrce ignition delay and have a lower 
cctanc number. 

3-6. Gasoline as diesel fuel. A good gasoline 
with a high octane number, docs not knock in a 
spark-ignition engine because it burns comparatively 
slowly, hence it docs not ignite as readily, and has a 
correspondingly low cctanc number. In general, the 
higher the octane number of a fuel, the lower its 
cctanc number, and vice versa. 

Ihus» gasoline is not a desirable diesci fuel. How- 
ever, tests have shown that diesel engines can run on 
gasoline, although the engine will be rather noisy 
and rough and the fuel consumption will be higher 
than with regular diesel fuel oil. By adding 10 to 15 
per cent of regular diesci fuel, the performance of the 
engine can be considerably improved. Another draw- 
back of running a diesci engine on gasoline is the 
danger of wear and seizure of the fuel-injection pumps 
because of the low viscosity of gasoline. Addition of 
lubricating oil to gasoline will raise the viscosity and 
help to overcome this trouble. 

3-7. Lubricants. All lubricants used in diesci en- 
gines may be divided into two groups: the important 
group of oils and a small group of greases. Both oils 
and greases have as their main object the separation 
of metal surfaces in motion and thus prevention or at 
least reduction in wear on such surfaces. 

1. iMbncating oils. Lubricating oils used in diesel 
engines are obtained by distillation of the stock left 
after the lighter fractions, gasoline, kerosene, and gas 
oils, which include diesel fuel oils, arc driven off the 
crude petroleum. They are called mineral oils to 
differentiate them from vegetable and animal oils 
used with other machinery. Lubricating oils arc 
hydrocarbons, the same as diesel fuel oil, but differ 



from it by the internal structure of their particles 
which is shown chiefly in their greater viscosity and 
heavier specific weight or gravity. The desired prop- 
erties of lubricating oils arc obtained by mixing, or 
more accurately, blending, of oils distilled from differ- 
ent stocks and at different temperatures. 

Properties of lubricating oils, both physical and chem- 
ical, should be such that the oil will give satisfactory 
engine performance. These properties are determined 
by tests similar to those used for testing fuel oils. 
Approximately in the order of their importance they 
arc: 

a. Viscosity. This is the most important prof>crty. 
Viscosity decreases with an increase of temperature 
and is determined with the already mentioned Say bolt 
Viscosimctcr with the Universal orifice. Viscosity of 
Navy diesel oils for various engines varies from 90 
seconds to about 500 seconds at 130° F. 

Friction, engine wear, and oil consumption depend 
principally on the viscosity of the oil. 

Viscosity index indicates the influence of the tempera- 
ture on the viscosity of a particular oil. Viscosity 
index depends on the source of the crude and the 
methods used in refining. Straight paraffin-base oils 
have a viscosity index in the neighborhood of 100. 
A lower figure denotes an oil whose viscosity decreases 
faster with an increase of temperature. Fig. 3-1 illus- 
trates the behavior of two oils — one having a high 
viscosity index, high V.I., and the other a low V.L 
At 80° F their viscosity is the same, 280 S.S.U.; but 
at 180° F, the viscosity of the high V.l. oil is 160 
S.S.U., while that of the low V.I. oil is only 100 
S.S.U. 

b. Pour poim. Pour point is the lowest temperature 
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at which the oil will barely pour from a container. 
This property affects the ability to pump the oil 
through the system with the numerous small-size 
tubings and orifices. A relatively high pour point 
may cause starting difficulties in cold weather. 

C. Carbon residue. Carbon residue is the amount of 
carbon left after the volatile matter has been evapo- 
rated and burned off by heating the oil. It gives an 
indication of the amount of carbon that may be de- 
posited in an engine, which will lead to operating 
troubles. 

d. Flash point. Flash point of lubricating oil is 
determined in the same way as for fuel oil; however, 
its object is chiefly to indicate the quality of oil. 
The flash point of various naval dicscl lubricating oils 
varies from 340° to 430*^ F. 

e. Water and sediment. The oil is tested by ccntri- 
fuging and should be free of water and sediment. 

f. Acidity. Lubricating oils should show a neutral 
reaction when tested with litmus paper. An acid oil 
may corrode or pit the engine parts and has a tendency 
to form emulsions with water, and sludge with car- 
bon. In service, oils have a tendency to become acid 
due to oxidation. 

g. Emulsion. The oil should not form an emulsion 
with water. If shaken with water it should readily 
separate from it. This ability of separation is im- 
portant in an oil after it has been used for some time. 
When exhaust gases, which always contain water 
vapor, enter into the crankcase due to blow-by, water 
vapor is condensed and mixed with oil in the crank- 
case. 

h. Oxidation. The oil should not have an excessive 
tendency to oxidize, as oxidation causes formation of 
sludge. 

i. Ash. Ash in oil is a measure of the foreign 
matter which may cause abrasion or scoring of the 
moving parts in contact. 

j. Sulfur. Free sulfur or corrosive compounds of 
sulfur are not allowed in lubricating oils, because 
they have a tendency to form acids with water vapor. 
Non-corrosive compounds of sulfur are permitted to 
a limited extent. 

k. Color. The color of a lubricating oil has no rela- 
tion to its lubricating quality. 

Additive oils. Higher cylinder pressures and temper- 
atures, higher loads and speeds, used in present-day 
high-output diesel engines, have increased the require- 
ments as to the qualities of the lubricating oils. It is 
difficult to meet these requirements with the use of 
straight mineral oils. One of the main troubles en- 
countered with high-output engines is the sticking of 



piston rings which in turn causes a number of other 
troubles, such as reduction of power, smoky exhaust, 
and contamination of lubricating oil. In trying to 
overcome such troubles, the oil refineries found that 
certain chemicals added to the oil, and called addi- 
tives, increase the resistance to oxidation, and other 
additives help materially in keeping the piston rings 
from sticking, serving to cleanse or to deterge them. 
This explains why these heavy-duty additive diesel 
engine oils are often called detergent oils. They have 
taken the place of the straight mineral oils in the 
operation of naval diesel engines. 

The chemicals in the additive oils do their work by 
combining with the undesirable contaminations. 
Therefore, the amount of free additives in the oil 
gradually decreases, the oil "wears out," and its 
ability to resist oxidation and deterge the piston rings 
gradually diminishes. Worn-out oil must be removed 
and replaced by fresh oil. 

Navy symbols for identifying lubricating oils con- 
sist of four digits, of which the first classifies the oil 
according to its use and the last three indicate the 
viscosity in S.S.U. Forced-feed oils with the viscosity 
referred to as 130® F, have the first digit 2. Thus, a 
Navy symbol 2190 oil is a forced-feed oil with an 
approximate viscosity of 190 S.S.U. at 130** F. The 
symbol digit for detergent diesel oils is 9 and the 
viscosity is referred to 130° F. Thus Navy symbol 
9370 oil is a detergent diesel oil with a viscosity of 
370 S.S.U. at 130° F. The Navy uses three grades of 
additive diesel lubricating oils, designated by the 
symbols 9170, 9250, and 9370. Their viscosity cor- 
responds approximately to SAE viscosity numbers 
20, 30, 40, respectively. 

2. Greases. Lubricating greases arc emulsions or 
intimate mixtures of a lubricating oil with soap. 
With Navy diesel engines, greases generally are used 
only in two places — for the shafts of some centrifugal 
water pumps and on the inside of some reverse gears. 
The pump grease must contain soap which will not 
dissolve in water. Reverse-gear greases must resist 
high temperatures created by the friction in the gears. 
These greases may contain graphite which has the 
ability of lowering the friction coefficient. 

3-8. Diesel engine lubrication. As already men- 
tioned, the successful lubrication of modern high- 
speed diesel engines has become an increasingly diffi- 
cult problem. On the other hand, good lubrication is 
even more vital for the proper operation and life of 
modern diesel engines. Some of the reasons for the 
encountered difficulties arc: 
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1. Smaller engines with smaller oil reservoirs and 
higher speeds have increased engine temperatures. 

2. Higher piston-ring temperatures have a ten- 
dency to cause ring sticking and subsequent piston 
seizures. 

3. Higher engine speeds and temperatures have 
made proper cylinder and piston lubrication more 
difficuk. 

4. Higher cylinder pressures have resulted in 
greater bearing loads. 

5. Higher engine temperatures, loads, and speeds 
have put new strain on bearing materials which in 
some cases have shown a tendency to corrosion and 
fatigue failure in spite of the use of special new bear- 
ing metals. 

6. Bearings with the new precision bearing shells 
arc more sensitive to solid particles in the lubricating 
oil and require improved oil purification. 

7. The use of copper in bearings contributes to oil 
oxidation. 

8. The increased use of two-stroke engines with 
their increased power output and supercharging of 
four-stroke engines have increased the cylinder pres- 
sures and temperatures. 

9. The all-enclosed construction of high-speed 
diesel engines has made the prevention of fuel-oil 
leaks more difficult and has increased the rate of 
crankcase oil dilution with fuel oil. 

10. The increased clearance necessary with alumi- 
num-alloy pistons has resulted in higher oil consump- 
tion, particularly in larger engines when operating 
at partial loads. 

11. The increased use of mobile diesel engines has 
brought up the problem of the viscosity of lubricating 
oil especially when diesel engines arc started in sub- 
freezing weather. 

The best test of any lubricating oil is the way it 
behaves in the engine. The oil must have a viscosity 
which remains within suitable limits throughout the 
operating-temperature range of the engine. In addi- 
tion to maintaining a sufficient oil film between the 
moving parts, the oil which unavoidably burns in 
the cylinder must leave a minimum of carbon residue. 
The oil must be stable, resist oxidation, acidity, and 
cmulsification. 

An ideal diesel-engine lubricant must fulfill all of 
the following requirements: 

1. Maintain a good oil film on cylinder walls and 
thus prevent excessive wear of cylinder liners, pistons, 
and rings. 

2. Prevent sticking of piston rings. 

3. Seal compression in the cylinders. 



4. Leave no carbon deposit on the crown and 
upper part of the piston. 

5. Must not lacquer the piston or the cylinder 
surfaces. 

6. Ixave no carbon deposits in the exhaust and 
scavenging ports. 

7. Prevent wear of bearings. 

8. Clean the interior of the engine. 

9. Must not form excessive sludge, nor clog oil 
lines, strainers, and filters, nor leave deposits in the 
oil cooler. 

10. Be usable with any approved filter. 

11. Show a low consumption rate. 

12. Have good cold-starting properties. 

13. Permit long intervals between renewals. 

Evidently no single oil can meet all these require- 
ments, and the oil that comes nearest to meeting the 
most important requirements is the one selected. In 
the Navy, the oils to be used in the various engines 
are specified by the Bureau of Ships after exhaustive 
tests have been conducted to determine the oil most 
suitable for a particular engine. Since the oil refin- 
eries are constantly trying to improve their products, 
new tests are continuously going on in an effort to 
find a better oil. 

3-9. Problems. 1. Find the air-fuel ratio for an 
engine which uses per hour, 41 lbs. of fuel oil and 
828 lbs. of air. Ans. 20.2. 

2. Find the per cent of excess air for an engine 
which uses per hour, 762 lbs. of fuel oil and 14,100 
lbs. of air. Ans. 27.6 per cent. 

3-10. Questions. 1. Why arc petroleum com- 
pounds called hydrocarbons? 

2. What are the first three products obtained 
by fractional distillation of crude petroleum? 

3. Enumerate four or five of the more impor- 
tant fuel properties. 

4. What are the main products into which fuel 
oil is transformed during combustion? 

5. What is the meaning of the term cetane number^ 

6. If a diesel engine must be run on gasoline, 
how can its performance be improved? 

7. What is viscosity of a lubricating oil? 

8. What oils are called additive oils? 

9. What is a lubricating grease? 

10. Enumerate a few of the factors which make 
satisfactory lubrication more difficult in modern high- 
speed, diesel engines. 

11. Enumerate a few of the more important require- 
ments of a diesel-engine lubricant. 
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CHAPTER 4 

ENGINE CONSTRUCTION 



4-1. Engine parts. Diesel engines vary grcady in 

outside appearance, size, number of cylinders, cylinder 
arrangement, and details of construction. However, 
they all have the same main basic parts which may 
look different but perform the same functions. There 
are only a very few basic main working parts to a 
diesel engine, and all the rest of the engine is com- 
posed of auxiliary parts which assist the main work- 
ing parts in their performance, and the connecting 
parts necessary to hold the working parts together. 
The main working parts arc: 

1. Cylinder. 4. Crankshaft. 

2. Piston. 5. Bearings. 

3. Connecting rod. 6. Fuel pump and noz2le. 

Naturally, there are a number of other parts with- 
out which an engine could not operate, but their 
functions arc more or less subordinate and they will 
be discussed later. 

Fig. 4^1 is a schematic drawing of a typical diesel 




Figw 4-1, Sc^Mof/c drawing of a dim ft mngln: 



engine. Its purpose is to show the main working parts 
and their relation to other parts. 



farts sboum on Figure 4-1, 



1. 


Cylinder. 


14. 


Crankshaft. 


2. 


Cylinder liner. 
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Engine frame. 


3. 


Cylinder head. 


16. 


Crankcasc. 


4. 


Intake valve. 


17. 


Timing chain 


5. 


Exhaust valve. 




sprocket. 


6. 


Fuel injector. 


18. 


Timing chain. 


7. 


Piston. 


19. 


Camshaft. 


8. 


Piston rings. 


20. 


Cams. 


9. 


Wrist or piston pin. 


21. 


Cam follower. 


10. 


Connecting rod. 


22. 


Push rod. 


11. 


Crankpin bearing. 


23. 


Rocker arm. 


12. 


Crankpin. 


24. 


Valve spring. 


13. 


Crank cheek or crank 







web. 



Cylinder. The heart of the engine is the cylinder 
where the fuel is burned and the power developed. 
The inside of the cylinder is formed by the cylinder 
liner or sleeve, and the cylinder head which seals one 
end of the cylinder and often, although not always, 
contains the valves to admit fuel and air and to 
eliminate the used gases. The diameter of the cylinder 
is known as the bore. 

Piston. The piston seals the other end of the work- 
ing space of the cylinder and transmits to the outside 
the power developed inside of the cylinder by the 
burning of the fuel. A gastight seal between the 
piston and the cylinder liner is produced by fiston 
rings lubricated with engine oil. The distance that 
the piston travels from one end of the cylinder to the 
other is known as the stroke. 

Connecting rod. One end, called the small end of the 
connecting rod or conrod eye is attached to the wrist 
pin or piston pin located in the piston; the other or 
btg end has a bearing which encloses the crankpin. 
The connecting rod transmits the reciprocating mo- 



15 



RESTRICTED 



FUNDAMENTALS OF DIESEL EN6INES-U. S. NAVY 



tion of the piston to the continuously rotating crank- 
shaft during the working stroke, and vice versa dur- 
ing the other strokes. 

Crankshaft. The crankshaft obtains its rotary mo- 
tion from the piston through the connecting rod and 
crankpin located between the crank webs or crank 
cheeks. The work of the piston is transmitted to the 
propeller or generator drive shaft. A flywheel of a 
sufficient mass is fastened to the crankshaft in order 
to reduce speed fluctuations by storing kinetic energy 
during the periods when power is developed and giv- 
ing it back during the other periods. 

A camshaft is driven from the crankshaft by a chain 
drive or by timinf^ Through cam followers, push 

rodsy and rocker arms, the intake and exhaust vali>€S 
arc opened by cams on the camshaft. Valve springs 
serve to close the valves. 

A crankcase is constructed to protect the crankshaft, 
bearings, connecting rods, and related parts, to catch 
the oil escaping from the bearings of the moving 
parts, and to provide a reservoir for lubricating oil. 
If the crankcase is constructed to support the whole 
engine, it is called a bed plate. 

Fuel for diesel engines is delivered into the combus- 
tion space of the cylinder by an injection system con- 
sisting of a pump, fuel line, and injector, also called 
injection or spray nozx^e, 

A-i. Engine types. Diesel engines may be divided 
into several classes using different bases for the 
division: (1) operating cycle; (2) cylinder arrange- 
ment; (3) piston action; (4) method of fuel injection; 
(5) speed, etc. 

Operating cycles. Diesel engines can be divided into 
two groups based on the number of piston strokes 
per cycle, in (1) four-stroke-cycle, or, for short, four- 
stroke engines, and (2) two-stroke-cycle , or two-stroke 
engines. The meaning of these terms and the differ- 
ence between these two engine types is explained in 
Chapter 5. 
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Cylinder arrangement. Cylinders-in-line, This is the 
simplest arrangement with all cylinders parallel, in 
line, as shown in Fig. 4-2. This construction is used 
for engines having up to 10 cylinders. 

V -arrangement. If an engine has more than 8 cylin- 
ders, it becomes difficult to make a sufficiently rigid 
frame and crankshaft with an in-line arrangement. 




(0) (b) 



The V-arrangement, Fig. 4-3a, with two connecting 
rods attached to each crankpin, permits reducing the 
engine length by one-half, thus making it much more 
rigid, with a stiff crankshaft. This is a common 
arrangement for engines with 8 to 16 cylinders. Cyl- 
inders lying in one plane arc called a bank, and the 
angle a between the banks may vary from 30° to 120**, 
most common angle being between 40° and 75°. 

Flat engine, Fig. 4-3b, is a V-cnginc with an angle 
of 180° between the banks. This arrangement is used 
mostly for trucks and buses. 

Multiple-engine units. In order to increase the engine 
power without increasing its bore and stroke, two 
and four complete engines, having six or eight cylin- 
ders each» are combined in one unit by connecting 
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Figwm 4-4, Muhiplm^tmit Mgln^u 

each engine to the main drive shaft 5, Figs. 4~4a and 
4-4b, by means of clutches and gears or clutches and 
roller chains. Fig. 4-4a shows a twin-engine and 
Fig. 4-4b a quadruple-engine, or quad. 

Vertical-shaft engines. A recent development is an 
engine with four connecting rods attached to one 
crankpin, Fig. 4-5- The four cylinders are all in one 
horizontal plane, the crankshaft thus being vertical. 
Four banks located one on top of the other and using 
one crankshaft with four cranks form a compact 
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16-cylindcr engine used in the Navy under the name 
of the pancake engine. 

There exists a great number of other cylinder 
arrangements but they are not at present used in 
United States Navy diesel engines. 

Fiston action. Single-acting engines use only one end 
of the cylinder and one face of the piston for the 
development of power. The engines in Figs. 4-1 and 
4-2 arc all single-acting. Nearly all diesel engines arc 
single-acting. 

Double-acting engines use both ends of the cylinder 
and both faces of the piston for the development of 
power. Double-acting engines are built only in large 
and comparatively low-speed units. A diagrammatic 
sketch of a double-acting engine is shown in Fig. 5-5. 

Opposed-piston engines. Recently, many engines 
having two pistons per cylinder, driving two crank- 
shafts, Fig. 5-6a, have been placed in Naval service. 
The design presents many advantages from the view- 
point of combustion of the fuel, engine maintenance, 
and accessibility of all parts, except the lower 
crankshaft. 

Fuel injection. Diesel engines are divided into air- 
injection engines and solid- or mechanical-injection 
engines. The meaning of these terms and the differ- 
ences between these two types is discussed in Chapter 
9. Here we need only to mention that air-injection 
engines are gradually disappearing both from naval 
and land installations. 

Speed. All diesel engines can be divided into three 
classes: low-speed, medium-speed, and high-speed 
engines. The basis for the division is discussed in 



Chapter 16. Here it is enough to state that the 
present trend is away from low- and even medium- 
speed engines toward increasingly higher-speed en- 
gines. 

4-3. Engine designation. In the United States 

Navy, engines arc designated by the number of cylin- 
ders, bore, stroke, and speed, if the engine operates at 
a definite speed, in the order named. Thus a 6-cylinder 
X 3'^:rin. X 5 in. X 1,500 rpm. or often simply a 
6X3/4X5X1,500 designation means an engine with 
6 cylinders, a 3?^ in. bore, 5-in. stroke, normally 
operated at 1,500 rpm. 

Another designation is by piston displacement^ or, 
for short, by displacement. The engine displacement 
is computed as the product of the piston area times 
the piston stroke and times the number of cylinders. 
In English units, displacement is expressed in cubic 
inches. Tlie engine speed does not enter in the de- 
termination of the engine displacement. Sometimes 
the displacement is indicated as the number of cylin- 
ders and the displacement of one cylinder. 

Example 4-1. Find the piston displacement of an 
8 X 8X10 X 720 naval engine. 
The piston area «= irX 8 V4 = 50.27 sq.in.; the 
stroke is 10 in. and the displacement of one 
cylinder is 50.27X10 = 502 7 cu. in.; since the 
number of cylinders is 8, therefore the total 

displacement = 50.27 X 10 X 8 « 4,021 .6 cu.in. 
or the engine may be designated as 8-503, to 
avoid decimal fractions in the designation. 

• 4-4. Problems. 1. Write the Navy description for 
an engine which has 6 cylinders with a bore of 
6^ in., and a stroke of 8?^ in. and develops 323 hp. 
at 900 rpm. Ans. 6X6%'X 8^X900. 

2. Find the piston displacement of the engine of 
problem 1. Ans. 1,876 cu.in. or 6-313 cu.in. 

4-5. Questions. 1. Enumerate the main working 
parts which are necessary in every diesel engine. 

2. What are the main functions of the crankcasel 

3. State on what bases diesel engines are divided 
into various types. 

4. What arrangement of cylinders are encountered 
in naval diesel engines? 

5. How are diesel engines designated in the United 
States Navy? 
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CHAPTER 5 

DIESEL ENGINE PRINCIPLES 



5-1. Four-sfrolce-cycle events. A round of events 
which reoccurs regularly and in the same sequence, is 
known as zcycle. The cyclic sequence of events in a diescl 
engine is: (1) filling of the engine cylinder with fresh 
air; (2) compression of the air charge in order to raise 
its pressure and temperature to that necessary to 
ignite and burn the fuel efficiently; (3) combustion 
of the fuel and expansion of the hot gases; and (4) 
emptying the cylinder of the burned gases by exhaust- 
ing them. When these four events are completed, the 
cycle is repeated. When each of these events takes 
place, roughly speaking, during one stroke of the 



piston, the cycle is called a four-stroke cvcle. 

Piston dead centers. The positions of the piston wheo 
it is nearest to the cylinder head and farthest away 
from it are called top and bottom dead center, respec- 
tively, or for short, top and bottom center ^ indicated 
t.c, and bx. The reason for this designation is that 
at these positions the connecting-rod centei-iine coin- 
cides with the crank-throw center-line and the piston 
cannot be moved by gas pressure acting upon its sur- 
face. The motive force must come from the rotating 
crank acting through the connecting rod. 

Main events. The four main events are shown dia- 
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grammatically in Fig. 5-1. During the first or suction 
stroke. Fig. 5-la, the piston P moves downward, 
pulled by the connecting rod r, the lower end of which 
is moved by the crank C, The piston motion creates a 
vacuum in the cylinder, and outside air is drawn or 
sucked into the cylinder through the intake valve / 
which opens at about the beginning of the suction 
stroke and stays open until the piston reaches the 
lower or bottom center, b.c. 

When the piston has passed i.e., the second or 
compression stroke begins. Fig. 5 lb; the intake valve is 
closed and the upward motion of the piston pushed 
by the crank and the connecting rod begins to com- 
press the air charge in the cylinder. 

Shortly before the piston reaches top center, t.c.^ 
liquid fuel in a finely atomized spray is admitted into 
the cylinder containing hot compressed air. The fuel 
is ignited by the heat of the air compressed in the 
cylinder and burns during the first part of the down- 
ward piston stroke. During this downward or third 
stroke, called working or power stroke. Fig. 5-lc, the 
hot gases whose pressure was considerably increased 
by the combustion of the fuel charge, force the piston 
dow^nward and expand due to the increasing cylinder 
volume. 

Shortly before the piston reaches the bottom center, 
the exhaust valve e opens, Fig. 5-ld, and the hot 
products of the combustion, having a relatively high 
pressure in spite of the previous expansion, begin to 
rush out through the exhaust ports into the outside 
atmosphere. During the following fourth or exhaust 
stroke y the piston moves upward, pushed by the crank 
and connecting rod, expelling the remaining products 
of combustion, until near top center the exhaust valve 
is closed, the intake valve is opened, and the whole 
cycle starts again. As can be seen, the four strokes 
require two engine revolutions. Thus in a four-strokc- 
cycle engine, one power stroke is obtained for every 
two engine revolutions, or the number of power im- 
pulses per min. arc equal to one-half of the rpm. of 
the engine. 

Timing of events. Actually, the dividing points be- 
tween the four main events do not come at the very 
beginning and end of the corresponding strokes. The 
differences are smaller in low-speed engines and in- 
crease as the engine speed increases. The intake valve 
is opened bejore top center, 10 to 25 crank-angle 
degrees; it is closed from 25 to 45 crank-angle degrees 
after bottom center. The fuel injection starts some 7 
to 26 degrees before tx. In order to release the exhaust 
gases in proper time, the exhaust valve begins to 



open 30 to 60 degrees before bx, and closes 10 to 20 
degrees after tx, 

5-2, Compression. There arc two reasons for com- 
pressing the air charge during the second or compres- 
sion stroke: first, raising the thermal or over-all 
efficiency of the engine by increasing the final tem- 
perature of combustion; this applies to all internal- 
combustion engines, both of the spark-ignition as 
well as the so-called diesel type; second, increasing 
the temperature of the air charge so much that when 
the finely atomized fuel is injected into the hot air, 
the fuel will ignite and begin to burn without any 
outside source of ignition such as the spark plug used 
in automobile engines. 

Compression ratio of an internal combustion engine is 
termed the ratio of the volume V\, cu. in., of the gases 
in the cylinder when the piston is in its bottom center, 
to the volume V2 of the same gases when the piston 
is at top center. Compression ratio is designated by r. 

Compression ratio= volume at bottom centers- 
volume at top center or 

r=V^^Vt (5-1) 

The volume V2 is called the compression or com- 
bustion space. The volume Fi, is equal to the sum of 
the piston displacement of one cylinder plus the com- 
bustion spaces. 

Limits for compression ratios. Diesel engines use com- 
pression ratios of 12:1 up to about 19:1. Theo- 
retically, the higher the compression ratio, the higher 
is the thermal efficiency of the engine, the lower its 
fuel consumption. However, an increase of the com- 
pression ratio is accompanied by higher gas pressures 
and combustion temperatures. This causes stresses 
and pressures in various engine parts, and to counter- 
act these ill effects requires stronger, heavier parts 
and increases unduly the weight of an engine. Higher 
temperatures and pressures also increase the wear and 
tear of an engine and thus decreases its reliability. 

In order to avoid the problems of high compression, 
a certain oil engine, the Waukesha-Hesselman, is built 
with such a low compression ratio, about 5:1, that 
the compression temperature becomes too low to 
produce self-ignition of the fuel when it is injected, 
and a spark-ignition system, as used in gasoline en- 
gines, is required. Naturally, the fuel consumption 
of this low-compression oil engine is considerably 
higher than that of a similar compression-ignition or 
diesel engine. 

5-3. Combustion. There exist two distinctly differ- 
ent methods of burning the fuel in an engine cylinder: 
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(a) at a constant volume and (b) at a constant pressure. 
Combustion at constant volume means that during 
combustion the volume docs not change and that all 
the heat energy developed by the fuel goes into an 
increase of the gas temperature and pressure. In the 
case of an engine, combustion at constant volume 
means that combustion proceeds at such a high rate 
that the piston has practically no time to move during 
combustion. Such a combustion is obtained when the 
piston is passing top center. The advantage of this 
method of fuel combustion is a high thermal effi- 
ciency. Its disadvantage is a very sudden pressure 
increase and resulting noisiness of the engine. Such 
combustion is somewhat approached by sparlc-igni- 
tion gasoline engines. 

Combustion at constant pressure means that during 
combustion the temperature increases at such a rate 
that the resulting increase of pressure is just enough 
to counteract the influence of the increasing volume, 
and the pressure docs not change. The heat energy 
developed by the fuel goes partly into an increase of 
the gas temperature and partly into performing out- 
side work. In the case of an engine with constant- 
pressure combustion, the fuel is burned gradually so 
that the pressure attained at the end of the compres- 



sion stroke is maintained during the greater part of 
the combustion event. Such a combustion was used 
in the original low-speed, air-injection diesel engine. 
Its advantage is a smoothly running engine producing 
a more even torque due to the extended combustion 
pressure. However, it is not suitable for high-speed 
oil engines. 

High-speed diesel engines of the present operate on 
a cycle which is approximately a combination of the 
above two methods; part of the fuel is burned rapidly, 
almost at a constant volume near the dead center, the 
rest is burned while the piston begins to move away 
from the top center. However, the pressure does not 
remain constant, but usually increases and then de- 
creases. In general this cycle resembles more the 
constant-volume combustion cycle than the cycle of 
the original diesel engines. Its advantage is a high 
efficiency, with low fuel consumption. Its drawback 
is in the difficulty of preventing rough and noisy 
operation of the engine. 

5-4. Two-stroke-cycle events. A two-stroke cycle 
is completed in two strokes, or one revolution of the 
crankshaft, whereas a four-stroke cycle requires two 
revolutions. The difference between the two-stroke 
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and four-stroke engine is in the method of removing 
the burned gases and filling the cylinder with a fresh 
charge of air. In a four-stroke engine these operations 
are performed by the engine piston during the exhaust 
and suction strokes. In a two-stroke engine these 
operations are performed near the bottom dead center 
by means of a separate air pump or blower. 

The compression, combustion, and expansion events 
do not differ from those of a four-stroke engine. The 
filling of the cylinder, called scavenging, with a fresh 
charge may be explained as follows: when the piston 
has travelled 80 to 85 per cent of its expansion stroke, 
exhaust valves e, e. Fig. 5-2a, arc opened, the exhaust 
gases arc released and begin to escape from the cyl- 
inder. The piston continues to move toward the bot- 
tom center and soon uncovers ports/, j, through which 
slightly compressed air begins to enter the cylinder. 
This air, having a slightly higher pressure than the 
hot gases in the cylinder, pumps out the hot gases 
through valves tf. Fig. 5-2b. This operation is 
called scavenj^wf^, the air admitted is called scavenge air 
and the air admittance ports, scavenge ports. About the 
time when the piston on its upward stroke closes 
ports J, s, the exhaust valves e, e, are also closed. 
Fig. 5-2c, and the compression str#ke begins. 

The advantage of two-stroke operation is the elimi- 
nation of one scavenging and one charging stroke re- 
quired in four-stroke<yclc •pcration. Thus, the 
cvlindcr delivers one power stroke for every revolu- 
tion of the engine as compared with one power stroke 
for every two revolutions in a four-stroke-cycle en- 
gine. Theoretically, if all other conditions such as 
bore, stroke, speed, and gas pressures are equal, a 
two-stroke-cyclc engine should develop twice the 
power of a four-strokc-cycle engine. This means also 
that a two-stroke engine should weigh only one-half 
as much as a four-stroke engine of the same power, 
and should produce a more even torque. Practical 
factors prevent the attainment of these ideal figures. 

These advantages arc very important in ship instal- 
lations, and, therefore, two-stroke engines are used 
in the Navy much more than four-stroke engines, 
particularly in larger power units. A disadvantage of 
two-stroke operation is the higher working tempera- 
tures of the piston and cylinder head due to combus- 
tion occurring every revolution and resulting in 
distortion of these and related parts. 

5-5. Scavenging methods. Fig. 5-2 illustrates only 
one of several methods of cylinder scavenging. In some 
engines the exhaust gases are let out through ports, 
uncovered by the piston the same as the scavenge 



ports s, J, Fig. 5-2. Depending upon the location of 
the exhaust ports in respect to the scavenge ports, 
there exist two basically different methods of scaveng- 
ing: direct or cross- flow scavenging. Fig. 5-3, and loop 
or return- flow scavenging. Fig. 5-4. 

In cross -flow scavenging the piston uncovers first the 
exhaust ports, e and releases the pressure; going 
down farther, the piston uncovers the scavenge ports 
b, b and begins to admit slightly compressed air whose 
stream is directed mainly upward, as indicated by 
the arrows, and thus pushes out the exhaust gases 
through ports e, e. Having passed the dead center, 
the piston closes first the scavenge ports and soon 
afterward the exhaust ports. The fact that the ex- 
haust ports are closed after the scavenge ports permits 
some of the air charge to escape from the cylinder. 
This is a disadvantage of this scavenge scheme. How- 
ever, it has also the decided advantage of simplicity 
of construction, and of maintenance, due to the ab- 
sence of valves which must be kept tight. 

Loop-scavenging, Fig. 5-4, is similar to cross-flow 
scavenging in the sequence of the port opening; the 
direction of air flow is different as indicated by the 
arrows. Its advantage is that the bulky scavenge-air 
and exhaust-gas receiver are located on one side of 
the cylinder, thus giving better accessibility. This 
scheme is particularly suitable for double-acting en- 
gines, since with them the operation of the exhaust 
valves, Fig. 5-2, for the lower combustion space, be- 
comes very complicated. When used for double- 
acting engines, Fig. 5=5, the scheme is improved by 
the introduction of rotary exhaust valves r, r. During 
the release of the exhaust gases, valve r is open but is 




Figure 5-3. DincI or croa-flow tcavunglnfi. 
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Pigvf 5-4, Refurn or loop scavnging, 

being closed when the piston on the return stroke 
covers the scavenge ports. By this arrangement the 
escape of air charge is eliminated during the begin- 
ning of the compression stroke, when the exhaust 
ports are not yet covered. Sometimes, after the ex- 
haust ports are covered by the piston, the rotary 
valve is opened, getting it ready for the next cycle. 
As can be seen from Fig. 5-5, the length of the piston 
is exactly equal to the length of the stroke in order 
to control the exhaust and scavenge events alter- 
natingly by the upper and lower edges of the piston. 

Opposed-piston scheme is shown in Fig. 5-6. The 
lower piston controls the exhaust ports, the upper 
one the scavenge ports. In order to obtain the neces- 
sary preliminary release of the exhaust gases, or an 
uncovering of the exhaust ports e ahead of the 
scavenge ports s, the crank of the lower crankshaft is 
advanced in respect to the crank of the upper crank- 
shaft, or leads the upper crank by some 10 to 15 
degrees. In this way the exhaust ports are opened 
first, Fig. 5-6a; when the pressure is sufficiently low- 
ered, the scavenge ports are uncovered. Fig. 5 ^b, 
and scavenging begins to take place. After the ex- 
haust ports are closed, additional admission of air 
takes place. Fig. 5-6c, until the scavenge ports arc 
also covered and compression of the air charge takes 
place, Fig. 5~6d. Slightly before the pistons reach 
the point at which they are closest together, fuel is 
injected, ignited, and burns while the expansion 



stroke starts. Fig. 5-6c. The power delivered by the 
upper pistons to the upper crankshaft is transmitted 
to the lower main crankshaft by means of an inter- 
mediate vertical shaft and two pairs of bevel gears. 
The advantages of this scheme are: 

1. Very efficient scavenging of the cylinder and 
hence greater power is developed. 

2. Absence of valves and valve-operating gears. 

3. Absence of cylinder heads which are complicated 
castings and a source of trouble in engine operation. 

4. Good accessibility for the inspection and repair 
of most parts, except of the lower vankshaft. 

The two scavenge schemes. Figs. 5-2 and 5*6, arc 
also classified as uniflow scavenging. In both cases the 
exhaust gases and scavenging air arc flowing in the 
same direction, with less chance for formation of 
turbulences which are unavoidable with cross- and 
return-flow scavenging. 

Most two-stroke diesel engines in the United States 
Navy operate on one of the two uniflow-scavcnge 
schemes. 

5-6. ProbUms. 1. Determine the compression 
ratio of a diesel engine with a 5?<4-in. bore and a 
6-in. stroke if the volume of the combustion space is 
11.13 cu. in. Ans, 15:1. 

2. Determine the compression ratio of the engine of 
problem 1, if, due to wear of the bearings, the 
piston at the top center is 0.024 in. lower than in a 
new engine. 14.26:1. 
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Figure 5—5. Return sca¥0nging in a douhl^'acfing mnginm. 
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5-7. Questions. 1. Enumerate the main events of 
a four-scrolcc-cyclc engine operation. 

2. Explain the objects of compressing the air charge 
in a dicscl engine. 

3. What is meant by compression ratio in an internal- 
combustion engine? 

4. What are the methods of burning the fuel in an 
engine cylinder? 



5- What method of combustion is used in present 
diesel engines? 

6. Explain the difference between two-stroke- and 
four-stroke<ycle operation. 

1. Enumerate the methods of scavenging used in 
two-stroke engines. 

8. What methods of scavenging are used in most 
two-stroke naval diesel engines? 
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Figw 5-^. Oppofd-piiton mngin^ opmrafion. 
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CHAPTER 6 

ENGINE PERFORMANCE 



6-1. PrMSure-volume diagrams. The understand- 
ing of what occurs in an engine is made clearer by a 
graphic representation of pressures and volumes, 
called a pressure-volume or p-V diagram. In such a 
diagram the volumes arc represented by horizontal 
distances or abscissas measured by an elected scale, 
and the pressures by vertical distances or ordmates 
measured by another scale. These distances are 
measured from two basic lines called Zfro-volume and 
:(ero-pressure lines. 

Example 6~1. Show in a p-V diagram the change 
that 3.5 cu. ft. of air, having a pressure of 55 
psia., will undcreo if the air is heated and ex- 
pands to 9.5 cu. ft. keeping the same pressure. 
Suppose the scale of volumes is selected as 
1 in. =4 cu. ft. and the scale of pressure is 1 in. 
-40 pi. Then the initial condition of the air 
will be represented by a point which is 3 5-5-4 
«7 8 in. to the right from the zero-volume line 
O P, Fig. 6-1, and 55-5-40 = 13^ in. above the 
2cro-prcssurc line 0-K, point 1 on Fig. 6-1. 
The final condition of the air will be shown 
by a point with an abscissa 9 5 -5-4 = 2' s in. from 
the line 0-F, point 2, and the change of state will 
be represented by the horizontal line 1-2. 

Work. A volume of air or gas contained in a cylin- 




F\gw 6-7. Pr9ssvrm'Yolum9 diagram. 



dcr, with one end having a fixed cover such as the 
cylinder head of an engine, and the other end closed 
by a movable cover, as an engine piston, can be pre- 
sented as the product of the piston area A, times the 
distance i, from the fixed cover to the moving piston. 
The change of volume, as in Example 6-1, can be 
imagined as a product of the piston area A, times the 
difference between the first and second positions of 
the piston or travel of the piston (ij — On the 
other hand, the area A of the piston, multiplied by 
the pressure p is equal to the total force F acting on 
the piston, AXp=F, which is only another form of 
expression (2-3). As stated before, expression (2-5), 
the product of a force, times the distance traveled by 
it, represents the work W done by that force; there- 
fore, It may be stated also that the product of the 
pressure, times the change of volume, represents 
work done 

Work =prcssureX change of volume 
or W^=K^»-^0 (6-1) 

Naturally, pressure and volume must be referred to 
the same units: if the pressure is in psi., the volumes 
must be in cu. in. and the expression (6-1) will give 
the work in in. -lbs.; if the volumes are in cu. ft., the 
pressure must be in psf. and the work found will be 
in ft. -lbs. 

Example 6-2. Find the work in ft. -lbs. done in 
Example 6-1. 

The pressure 55 psi. -55X144=7.920 psf.; and 
the work done, by expression (6-1): 

H^=7,920(9.5-3.5)«47,520 ft. -lbs. 

It can readily be seen that the product of pressure 
times the change of volume represents an area, such 
as the rectangle 1-2-3-4-1, shown in Fig. 6-1. It can 
also be seen, that the pressure docs not have to be 
constant; if the pressure changes with a change of 
volume, curve 2-2 in Fig. 6-2, the area under the 
curve 1-2 limited by two ordinates 1-4 and 2-3 drawn 
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Figw 6^2. Change of sfaf%. 

chrough the end points of the curve perpendicularly 
to the line of zero-pressure and by the line of zero- 
pressure, still represents work done during the change 
from i to 2. In order to find the numerical value of 
the work, the mean pressure pm must first be found. 
This can be done either by measuring the area i-2-3- 
4-1 in sq. in. and dividing it by the length, distance 
^-3, or by dividing the area in a number of vertical 
strips of equal width, Fig. 6-3> and finding their mean 




V04.UMC 



Figure 6-3. Finding of moan hoighf, 

height by taking each height hu hi , . . , adding them 
together, and dividing by the number of strips. 

\\ hen the mean height h,„y in., is found, the mean 
pressure pm is calculated by multiplying by the 
number of psi. represented by 1 in. on the scale of 
pressures. If 1 in. = OT psi., then the mean pressure is 
found as 

pm^h^y^rn (6-2) 

After pm is found, the work done is computed using 
expression (6 -1). 

If the final volume V2 is greater than the initial 
volume Vu expression (6-1) gives a positive value, 
the work is positive or performed by the gas, such as 
during the expansion stroke of a dicscl engine. If 



is smaller than F,, the diflfercnce V^^V^ is negative, 
the work by expression (6-1) is negative or done on 
the gas, such as during the compression stroke of a 
diesel engine. 

Work of a cycle. If a certain amount of gas undergoes 
various changes of volume and pressure, but at the 
end its volume and pressure, respectively, will be the 
same as at the start, and this procedure is repeated 
over and over, it is said that the gas is undergoing 
cyclic changes. The work of a cyclic change or cycle is 
equal to the difference between the positive work 
done by the gas during the increase of its volume, its 
expansion, and the negative work done on the gas 
during the decrease of its volume, its compression. 
The simplest case is illustrated by Fig. 6-1. Air, whose 
conditions are given by point i, expands first at con- 
stant pressure to point 2, then the pressure drops from 
^1 to p2 and the air is compressed at constant pressure 
to pcMnt 6 and finally the pressure returns to the 
initial valve, point /. The positive work done by the 
air from point 1 to point 2 was determined as area 
1-2'3'4'1. During the changes from 2 to 5 and from 
d to 7 no positive work is done or negative work ab- 
sorbed since there is no change of volume. To clarify 
the nature of the change of pressure at constant 
volume, one can imagine that the change is due to 
cooling the air when the pressure drops, and heating 
it when the pressure increases. The work from point 
3 to |X)int 6 is represented by the rectangle 3'6-4'h5 
and since the volume decreases, is negative, or done 
on the air. As a result, the work of the cycle is the 
difference between the positive and negative works 
and is represented by the rectangle i-2-J-d-7 outlined 
by the consecutive changes of state. 

On the basis of Fig. 6-1, the work of the cycle can 
be found as follows: using the expression (6-1) first 
for the positive work, gives 

IVi^piCVi-VO 




Figw 6-4. Work of a cyel: 



26 



ENGINE PERFORMANCE 



RESTRICTED 



and for the negative work 

subtracting W2 from IVi gives the work of the cycle 

= (fi-p2)(V2-V0 (6-3) 
Evidently, the same as when dealing with a single 
change of state, such as i-2, Fig. 6-2, the outline does 
not have to be presented by straight lines. Thus, 
the work of the cycle of Fig. 6-4 will be equal to the 
positive work i-2 -3-^-5-/, minus the negative work 
3-6-1 '5-4-3, or to the area l-2-}-6-L 

Numerically, the work of a cycle as shown in Fig. 
6-4, can be calculated by finding first the mean height 
h„i for the change 7-2-3 and next the mean height 
h,„t for the return charge 3'6'2 by one of the methods 
explained before. Knowing the scale of pressure of 
Fig. 6-4, the mean heights h^i and ^,^2 can be con- 
verted to mean pressures p^i and p^i using equation 
(6-2). These values of and p^^ can be used now in 
expression (6-3) to find the work done by the cycle. 

The change of state does not always occur in the 
direction indicated by the solid arrows in Fig. 6-4. 
If it goes in the opposite direction, as indicated by the 
broken-line arrows, the positive work will be repre- 
sented by the area 1-6-3-4-5-1 y the negative work by 
3-2-i -5-^-3, and their combined result will be negative 
work represented by the area limited by the curve 
3-2-1-6-}. Such a diagram means, that as the result 
of the cycle, work must be done on the gas. This is 
the case of a compressor cycle such as is used for com- 
pressing air or in a refrigeration installation. 



6-2. Indicator cards. The investigation of the 
various events in a diesel engine and of its performance 




Figvn 6-5. Indicator diagram of a fwo-tfrolf cyclo ftgino. 



in general is greatly helped by the ^-F diagram. Fig. 
6-5 shows the diagram of a two-stroke compression- 
ignition engine; curve 1-2 shows the gradual rise of 
pressure during the compression stroke; the line 2-3 
indicates the rapid pressure rise during the first part 
of combustion; 3-4 is the second part of combustion 
at constant pressure; 4-5 is the expansion of the 
burned gases; release occurs at point 5 with the re- 
sulting drop of pressure and following scavenging, 
lower part of curve 5^ and part 6-1 of the return 
stroke. 

As already mentioned, the gas volume in an engine 
cylinder can be presented as V„ = AXlnt where A is 
the constant piston area and l„ changes from li at 
b,c. to U at f.c. Fig. 6-6. From Fig. 6-5, U—k^ly 
where / is the total piston stroke. The volume at 
any piston position can be presented as AQlt+li). 
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Figur9 6-6. 

Piston positions in connoction with an indicator diagram. 



Based on this fact, a p-F diagram may be obtained 
from an engine in operation by means of an instru- 
ment called an indicator. Fundamentally, a cylinder- 
pressure indicator consists of a cylinder, one end of 
which is connected to the combustion space of the 
engine, and the other closed by a gastight but free- 
moving piston. The piston is fastened to a spring 
which is compressed or stressed in tension, depending 
upon the construction, when the piston is moved by 
the gas pressure. This motion of the piston is traced 
on a piece of paper fastened to a drum. At the same 
time, the drum revolves back and forth imparting to 
the paper attached to it a motion proportional to the 
piston motion. Such a diagram is called an indicator 
diagram or indicator card. In conformity with this 
designation, a p-V diagram presenting the events in 
an engine cylinder, even if it is not drawn by an indi- 
cator but from theoretical computations, as in Fig. 
6-5, is also called an indicator diagram. This is more 
correctly designated as a theoretical indicator diagram. 

Fig. 6-7 gives the reproduction of an actual indi- 
cator diagram taken of a four-stroke diesel engine: 
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Figw 6r7, Indicator diagram o/ o fow-stroka Mgin^, 



7-2 is the compression stroke; 2-3-^ is the combustion 
and 4-3 the expansion; 5-6 is the exhaust stroke with 
the pressure slightly above the atmospheric line a 
which is also drawn by the indicator pencil; 6-1 is 
the suction stroke. 

Fig. 6-8 is an indicator of a two-stroke engine, the 
events being the same as those referred to for the 
theoretical diagram, Fig. 6^5. 

An indicator card serves two purposes. First, it 
shows what happens in an engine cylinder and thus 
gives an indication of whether the engine operates as 
it should or what adjustments must be made to im- 
prove Its performance. Second, it affords the means 
for computing the power developed by the engine. 
The procedure is bused on the fact that the area en- 
closed by the contour of an indicator diagram repre- 
sents the work done during one cycle, as explained in 
Sec. 6-1. 

Mean indicated pressure is the term applied to a con- 
stant pressure which would develop the same power 
as the variable pressure recorded on the indicator 
card. Mean indicated pressure is found as follows: 
the area of the diagram, such as 7-2-3-^-5-i, Fig. 6-8. 
is measured and found to equal a sq. in.; this value 
of a is divided by the length /, in., of the card and 
gives the mean height h^, the mean indicated pressure 
pmy psi., is found by multiplying hm by the scale of 
the ordinates m\ called in this case spring scale or 
spring number and showing how many psi. arc repre- 
sented by 1 in. Because the mean pressure found in 
this manner would do the same work as the variable 
pressure of the diagram, i.e.. have the same effect, 
the mean indicated pressure is often referred to as the 



indicated mean effective pressure or simply mtan indi- 
cate u pressure. 

The indicator card of a four-stroke engine may be 
divided into two areas: area i-2-3-^-5-i, which repre- 
sents the positive work developed, and area 5-6-i-5, 
which represents the negative work of removing the 
burned gases and filling the cylinder with a fresh 
charge of air. The vertical line 5-1 docs not appear 
on a diagram taken by an indicator but represents the 
drop of pressure which would occur, if there were no 
resistance to the gas flow through the exhaust valves. 
Their combined result is the difference between these 
two areas, and since the area 5'7'l-5 is part of both 
the positive and negative area, it cancels out, and the 
net work is represented by the difference of the areas 
of the loop 7-2-3-^-5-7 and loop 7-d-i-7. When the area 
is measured by a planimeter and the diagram contour 
is followed in one sweep i-2-3-^-5-7-(J-i, the subtrac- 
tion is done by the instrument automatically, and its 
reading gives the net area a. When the indicator dia- 
gram is taken with a stiff spring, which has a small 
scale, the exhaust and suction line may merge with 
the atmospheric line and the negative loop area prac- 
tically disappears. 

Indicated horsepower. The piston area /I, sq. in., mul- 
tiplied by the mean indicated pressure pm, psi., gives 
a force F, lb., which, moving through a distance 
equal to the piston stroke l\ in., does the work 
W^FXl^AXpmXl, in. -lb., during each cycle. 
If this work is multiplied by the number of power 
strokes per min., which for a two-stroke engine is 
equal to the number of revolutions per minute «, 
rpm., the product will give the power P, in.-lbs. per 




Figuf 6-8. Indicator diagram of a sfroka angina. 
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min. Dividing P by 12 will convert it to ft. -lbs. per 
min., and dividin,^ by 33,000, the equivalent of 1 hp., 
will give the indicated horsepower (ihp.) developed by 
one cylinder: 

ihp. = Ap^ (12X33,000) 

Changing the designations pm to p and A to a and 
rearranging the order of the multipliers gives the 
standard expression: 

ihp. = plan4- C33,OOOX 12) (6-4) 

In a four-stroke engine the power occurs for every 
two revolutions and n in expression (6-4) must be 
divided by 2. 

The indicated horsepower, ihp., developed by a 
multicylinder engine evidently is equal to the sum of 
ihp. for each cylinder, if it is assumed that the mean 
effective pressure p is the same in ail cylinders, it is 
equal to the ihp. of one cylinder multiplied by the 
number of cylinders. In a double-acting engine the 
piston area upon which the gas acts from the under- 
side is reduced by the area of the piston rod, and the 
ihp. of the engine is equal to the sum of ihp. devel- 
oped by each of the two combustion spaces times the 
number of cylinders. 

Example 6-3. Determine the horsepower developed 
by a 6-cyHndcr, four-stroke, 55^ in.X6-in. 
diesel engine operating under full load at 1,200 
rpm. The indicator card taken with a 320-psi./ 
in. spring has an area of 0.523 sq.in., and its 
length is 1^4 in. 

The mean indicated pressure, by expression 
(6-2). Sec. 6-1, 

N-^^X320-9S.5psi- 

Thc piston area <»-=irX^^^^^ = 25 97 sq. in. 

Using expression (6-^) with «- 1,200-5-2-600 
gives for one cylinder: 

ihp. =95 5X6X25-97X600 -=-(33,000X12) 
= 22.5 ihp. 

and the 6<ylindcr engine will develop 22.5X6 
-135 0 ihp. 

Pressure-time diagrams. The pressure- volume indi- 
cator diagram gives the cylinder events as referred to 
the piston stroke. As will be shown in the following 
chapter, the piston motion is not uniform, being slow 
near the dead center, with the speed increasing and 
reaching a maximum about mid-stroke, after which 
it decreases to zero at the other dead center. Due to 
such conditions, a small motion of the piston near 
one of the dead centers corresponds to a considerably 
larger time element than a similar motion farther 
away from one of the dead centers. However, in all 



engines the important events of ignition and combus- 
tion, and in two-stroke engines the scavenging, takes 
place near the dead center. Hence, these events arc 
not shown clearly enough on a regular indicator 
card. These events can be investigated much better 
if the horizontal distances on the card are proportional 
to time. Such an indicator is built with the paper 
drum being revolved by a clock mechanism. Since 
the rotation of the crankshaft is rather uniform, the 
paper drum motion can be obtained also from the 
rotation of the shaft with a suitable speed reduction. 
The indicator card obtained by such an instrument 
will have the abscissas proportional to time or to 
crank-angle degrees, which is practically the same. 
A sample of such a diagram is shown in Fig. 6-9. 
It shows clearly the decreasing rate of pressure rise 
toward the end of the compression stroke, the igni- 
tion, and at first a slow combustion and soon after 
dead center an accelerated combustion, then again 
retarded combustion and expansion. 

A pressure-time or pressure-crank angle diagram is 
useful for investigation of an engine's performance but 
cannot be used for hp. -determination, unless redrawn 
to a pressure-piston stroke or p-V type. 

6-3. Engine efficiencies. Efficiency in general may 
be defined as the ratio of the output to the input. In 
the case of a heat engine, the output is the work de- 
livered and the input is the heat supplied in the fuel. 
Efficiencies are expressed as decimal fractions and arc 
always less than unity. Another way to express 
efficiency is by percentage, in which case efficiency is 
less than 100 per cent. The difference between the 
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efficiency fraction and unity or percentage efficiency 
and 100 is the loss incurred during the process dis- 
cussed. 

When dealing with diescl engines a number of 
efficiencies may be discussed, the principal ones being: 

1. Mechanical efficiency. 

2. Thermal efficiency. 

3. Over-all efficiency, 

4. Volumccric or charge efficiency. 

Mechanical efficiency. The horsepower computed by 
expression (6-4) is indicated hp. or power developed 
by the gases inside of the engine cylinder. This power 
is transmitted by the piston and connecting rod to 
the crankshaft. During this transmission several 
mechanical losses occur due to friction between the 
piston and piston rings and the cylinder walls, fric- 
tion in the various bearings, power absorbed by the 
valve and injection mechanisms and by various 
auxiliaries, such as the lubricating-oil and water- 
circulating pumps and the scavenge and supercharge 
blowers. As a result, the power delivered to the 
crankshaft and available for doing useful work is 
appreciably (15 to 30 per cent) smaller than the indi- 
cated power. The available power is called either 
shaft horsepower or brake horsepower (bhp.). The term 
brake-hp. is derived from the usual method of its 
determination: the engine is operated with the power 
measured and absorbed by a brake. The ratio of the 
bhp. to ihp. is called mechanical efficiency(mech.eff.): 
mcch. eff. = bhp. ihp. (^5) 

The difference between the ihp. and bhp. is called 
friction hp. (fhp.): 

fhp. = ihp.-bhp. (6-6) 

Example 6-4. Find the mcch. cff. and fhp. of the 
engine of Example 6-1 if its load under che given 
conditions was 110 bhp.: 

By expression (6-5) 

mcch. cfF. = 110-hl35.0-0.814 or 81 .4 per cent 
By expression (6-6) 

flip. = 135 0 -no -25 0 hp. 

Actually fhp. represents not only work lost due to 
friction but to other losses too, as explained above. 
Also it is well to recall, that friction loss is really not 
a loss of energy, as energy cannot be lost or destroyed, 
but is only a transformation of work into heat. By 
the time this heat is dissipated to the atmosphere, it 
has become useless or unavailable for the purpose for 
which the engine is operated. 

Mechanical efficiency depends upon the construc- 



tion of the engine, workmanship of the various engine 
parts, and operating conditions of the engine, such as 
the amount of load carried, temperature of the cool- 
ing water, etc. 

Two-stroke engines, generally speaking, have a 
slightly lower mechanical efficiency, due to the power 
absorbed by the scavenge pump; an engine having a 
better designed lubricating system, better workman- 
ship, better alignment of various parts, has a smaller 
fhp. and a higher mechanical efficiency. An engine 
operating under part-load has a lower mechanical 
efficiency because most mechanical losses are almost 
independent of the load, and therefore, when the load 
decreases, ihp. decreases relatively less than bhp., 
which results in a lower mechanical efficiency accord- 
ing to expression (6-5). Mechanical efficiency be- 
comes zero when the engine runs at no load because 
then bhp. = 0 but ihp. is not zero, in fact, according 
to expression (6-6) in this case ihp. = fhp. 

Example 6 5. Find the mcch. cfF. at J^-load of the 
engine discussed in Examples 6- 3 and 6-4. 
H load means 110X0.75 = 82.5 bhp. Assum- 
ing that the fhp. docs not change with load, 
fhp =25.0 hp. The ihp. is, from expression 
(6-6): 

ihp. -82.54-25-0-107.5 hp. 
and by expression (6-5): 
mcch. cff. =82.5 107.5 =0.767 or 76.7 per cent, 
appreciably lower than 81.1 per cent at full 
load. 

Brake mean effective pressure, designated as bmep.y is a 
fictitious but useful concept; bmep. is obtained if ex- 
pression (6-4) is applied to bhp. instead of ihp. and 
the mean pressure p designated by bmep. is found as: 
bmep. = 33,OOOX 12X bhp. -f- Ian. (6-7) 

From the relations between bmep., bhp., ihp. and 
mech. eff., designating indicated mean effective pres- 
sure in expression (6-4) by imep., one can also write: 
bmep. = imep.X mech. cflT. (6-8) 

Bmep. gives an indication of what duty an engine 
carries, and what its output is for its displacement. 
An engine which develops continuously a higher 
bmep. carries a heavier duty, and develops a greater 
hp. per lb. of its weight than an engine with a lower 
bmep., all other things being equal. For a given 
engine, bmep. changes in direct proportion with 
the load. 

The following figures will give an idea of bmep. 
found in present engines: in four-stroke, medium- 
speed, continuous-operation engines, bmep. = 75 to 
85 psi.; in four-stroke, high-output, unsuperc barged 
engines, bmep. = 95 to 100 psi.; in supercharged en- 
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gincs, bmcp. of 110 to 125 psi. arc found and for 
intermittent operation may be raised as high as 140 
psi. In two-strokc engines, depending upon the 
method of scavenging, bmep. varies from 30 to 65 
psi.; in heavy-duty high-output two-stroke engines, 
such as those used in the Navy, bmep. may be found 
as high as 90 to 100 psi. 

Examplt 6-6. Find the bmcp. at full and ^-load 
for the engine discussed in Examples 6-3 and 

6-4. 

By expression (6-7): 
bmep. = 33,000 X 12 X no ^(6 X 25.97 X600) X6 
«77.7 Dsi. 

or by expression (6-8;, using from Example 
6-3 p**imep. -95.8 and from Example 6-4 
a mcch. cff. -0.811: 

bmcp. -95.5X81.4=«77.7 psi. 
Since bmcp. is proportional to load, therefore, 
at ^ load 

bmcp. =77.7X0.75-58.3 p$i. 

Thermal efficiency is the ratio of the output or work 
done by the working substance in the cylinder in a 
given time to the input or heat energy of the fuel sup- 
plied during the same time. Since the work done by 
the gases in the cylinder is called indicated work, the 
thermal efficiency thus determined is often called 
indicated thermal efficiency. The expression for comput- 
ing it is 

ind. work (6-9) 



ind. therm, cff. 



heat input 



Example 6-7. Find the thermal efficiency of the 
engine discussed in Example 6-3 if its fuel con- 
sumption determined as an average of three 
tests was 46.25 lbs. per hr. The heat value of 
the fuel was 18,200 Btu. per lb. 

In any ratio, such as expression (6-9), both 
the numerator and denominator must be ex- 
pressed in the same units. In this case it is more 
natural to use Btu. as used m the denominator. 
A convenient relation was given in Sec. 2-8: 
1 hp. -hr. « 2,544 Btu. Therefore, the work done 
per hr., when 135 0 ibp. arc developed, 135 OX 
2,544 = 343,440 Btu. The heat input for the 
same time is 46.25X18.200 = 842,000 Btu., and 
by expression (6-9): 

ind. therm, eff. =343,400-^-842,000-0.408 or 
40.8 per cent. 

Over-all efficiency is a ratio similar to ind. therm. efF., 
only using as an output of the engine its useful or 
shaft work expressed in brake-hp. Therefore, over-all 
efficiency is also often called brake thermal efficiency. 
Thus the expression for computing it is: 

,, /r i_ u £r shaft work (6-10) 

over-all erf. = br. therm, eft. = 

heat input 



Example 6-8. Find the over-all efficiency of the 
engine discussed in Examples 6-3, 6-4, and 6-7. 
The 100-bhp. load as equivalent to a useful work 
per hr. of 110X2.544 = 279.840 Btu. The heat 
input was found in Example 6-7 as 842,000 Btu. 

Therefore, by expression (6 10) 

Over-all cff, -279,840 ^ 842,000 - 0.332 Of 
33.2 per ccnr. 

Volumetric efficiency of a four-stroke engine is called 
the ratio of the volume of the air admitted to the engine 
cylinder during the suction stroke, referred to normal 
pressure and temperature conditions, to the suction 
volume of the piston. The latter volume is equal to 
the piston area times the piston stroke and is called 
piston displacement. Thus: 



vol. cff.= 



volume admitted (6-11) 
piston displacement 



Volumetric efficiency shows the amount of air ad- 
mitted as compared with the maximum possible 
amount of air represented by the piston displacement. 

A given volume of gas having a certain pressure 
and temperature is equivalent to a certain weight as 
computed from expression (2-7). Therefore, volu- 
metric efficiency is also often formulated as the ratio 
of the weight of air admitted in the cylinder during 
the suction stroke to the weight, at normal tempera- 
ture and pressure, of a volume of air equal to the pis- 
ton displacement. With this definition, volumetric 
efficiency is also called charge efficiency. The actual 
amount of air admitted is smaller than the amount 
corresponding to the piston displacement for two 
main reasons: (1) the temperature of the air in the 
cylinder is higher, and (2) the pressure is lower than 
the normal or standard values. The temperature of 
the fresh air drawn into the cylinder is raised, first, 
due to mixing with the hot gases left in the com- 
pression space from the previous cycle, and second, 
due to contact with the hot cylinder walls, cylinder 
head, and piston crown. The pressure in the cylinder 
at the end of the suction stroke is lower than the out- 
side, atmospheric air, because of the resistance to air 
flow in the air intake system, particularly through 
the intake valve. 

The lower the volumetric efficiency, the less the 
amount of air admitted. Consequently less fuel can 
be burned, and less power is developed by the engine. 
Taking air from a point in the engine room where the 
air is cooler, and having all valves properly timed, 
will increase the volumetric efficiency and through it 
the maximum power which the engine can develop. 
In present diesel engines, volumetric efficiency is on 
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the order of 80 to 87 per cent, decreasing chiefly with 
an increase of the engine speed. 

For two-stroke engines, the concept of volumetric 
efficiency does not apply. Instead, the term scavenge 
efficiency is used, which shows how thoroughly the 
burned gases arc removed and the cylinder filled with 
fresh air. Similarly in four-stroke engines it is desir- 
able to take the air to the scavenge blower at a point 
where the air is cooler. Scavenge efficiency depends 
greatly upon the arrangement of the exhaust, scavenge 
air ports, and valves. The best scavenge efficiency is 
obtained by uniflow scavenging, as explained in 
Sec. 5-5. 

6-4. Combustion and ignition delay. Regardless 
of how finely atomized the fuel injected into the com- 
bustion space of the cylinder filled with hot air is, it 
takes some time before the relatively cold fuel spray 
becomes heated and vaporized so as to ignite and 
start burning. This time element is rather small when 
expressed as a fraction of a second, but quite appre- 
ciable when referred to the number of degrees which 
the crank travels between the moment when the fuel 
is introduced into the cylinder and when the first 
particles of it are ignited. This time element is called 
ignition delay or ignition lag and amounts to several 
degrees of crank travel. 

After ignition has started, that fuel will burn, 
which by this time, is already introduced in the cylin- 
der. This combustion usually is accompanied hv a 
rather quick pressure rise. In the meantime, the pump 
continues to deliver fuel, and during the third period 




DEGREES CRANK ANGLE OR T( SECONDS) 
F$gor% 6*70. Prmssuf^timm diagram of combustion profu. 



of combustion the fuel burns more or less as it is 
introduced. However, since the supply of oxygen in 
the air charge gradually is being used up by the com- 
bustion, the fuel particles introduced toward the end 
of the injection have more difficulty meeting the* 
necessary particles of oxygen; combustion is conse- 
quently retarded, and when injection is terminated, 
some unburned fuel is still present in the cylinder and 
continues to burn. The piston by this time has 
moved away from the dead center and its speed in- 
creases; therefore, the pressure begins to fall in spite 
of additional heat being developed by the rest of 
the fuel. 

The whole procedure can be illustrated by the 
pressure-crank angle diagram, Fig. 6-10. Point A is 
the start of the injection, point B is where ignition 
occurs; and period A-B is ignition delay; up to point C 
the pressure rises very fast; period B-C corres[x>nds to 
burning of the fuel introduced up to this point, and 
represents the first or uncontrolled combustion, from 
C to D the fuel burns more or less as it is introduced, 
giving the second or controlled combustion; from point 
D the fuel burns with the pressure dropping — this is 
after-burn tng. After-burning may continue through a 
considerable distance of the expansion stroke. 

The highest thermal efficiency is obtained from the 
fuel which burns at the highest compression ratio, at 
top center. In practice, burning of the fuel must start 
before top center and be completed after top center. 
The shorter the period of combustion, the higher the 
thermal efficiency, and the lower the fuel consump- 
tion. However, an excessively short burning period 
requires a fast pressure rise and produces high maxi- 
mum pressures. This is undesirable as far as the quiet- 
ness of engine operation, pressures, and stresses in 
various engine parts are concerned. However, after- 
burning is an undesirable phenomenon and should be 
reduced to a minimum. 

6-5. TorbuUnce. In order to obtain efficient, 
smokeless combustion, the fuel injected into the cyl- 
inder must be broken up in very fine particles, be well 
atomized, and the fuel particles must be distributed 
uniformly through the whole combustion space. In 
air-injection engines, the distribution of the fuel is 
accomplished through a thorough mixing of the in- 
jection air, carrying the atomized fuel, with the air 
in the cylinder. In mechanical- or solid-injection 
engines, distribution is accomplished by using nozzle 
lips with several holes and by directing the fuel 
sprays so as to reach the desired portions of the com- 
bustion space, or by using pintlc-iype nozzles with a 
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cone-shaped spray. In larger engines, better fuel dis- 
tribution is obtained by using two or more separate 
fuel nozzles, each having several holes or fan-shaped 
sprays. However, distribution of the fuel by separate 
sprays usually is not sufficient. Distribution of the 
fuel in the air charge is improved by stirring up the 
air in the combustion space, by creating air turbu- 
lences, and thus mixing air having too much fuel 
with air which docs not have any fuel. 

While theoretically 1 lb. of air is sufficient to bum 
completely 0,065 lb. of fuel oil, actually, not all of 
the oxygen of the air will be reached by the fuel 
particles. Hence, only a smaller amount of fuel, oa 
the average not over 0.052 or even 0.043 lb., can be 
burned efficiently with 1 lb, of air in the combus- 
tion chamber. 

Turbulences in the air charge help to reduce the 
amount of air not reached by the fuel particles, and 
thus help to increase the power output of the engine. 

Turbulences may be created by various means, in- 
cluding special shapes of the piston crown or of the 
entire combustion chamber. Fig. 6-11 shows ex- 
amples of different turbulent heads. In Fig. 6-lla 
turbulences are created by a restriction through which 
the air has to pass when the piston moves upward; 
the air velocity at the restriction is several times 
higher than before and after it, and the change of 
velocity creates a turbulent flow into which the fuel 
is injected from the fuel nozzle. Fig. 6-1 lb shows a 
Ricardo-Comet head used in Waukesha diesel engines; 
here turbulences are created not only by the restric- 
tion, but also by forcing the air to travel on a circular 
path. Fig. 6-1 Ic shows a turbulent head used in 
Hercules diesel engines which is similar to the 
Ricardo head. However, it has an additional feature: 
when the piston approaches the dead center, it begins 
to cover partially the air passage between the cylinder 
and the turbulence chamber. This increases the air 
velocity in the passage, and thus makes more turbu- 



lent the flow of air into which the fuel is injected 
from the nozzle /. 

Turbulence in two-stroke engines is created by mak- 
ing the scavenge-air ports tangential, as shown in 
Fig. 6-12. It is noteworthy, that a circular movement 
of the air created during scavenging continues up to 
the time of fuel injection, in spite of the fact that the 
air has been displaced from one end of the cylinder to 
the other, and compressed to a small fraction of its 
original volume. 




figyf 6-12, Tyrhvl^c^ in o two-stroke ongin; 

Another method of creating turbulence is used in the 
so-called Lanova etter^ cell Fig. 6-13. The fuel is 
injected from the nozzle; a part of the fuel is atomized 
as it leaves the nozzle, ignites, and burns in the main 
combustion chamber, while the rest is injected in a 
more or less solid stream in the so<alled energy 
cell or minor air cell. Here it is atomized or broken 
up in a fine mist form and ignited; the resulting com- 
bustion raises the pressure in the minor air cell over 
the pressure in the main combustion chamber, and 
throws the burned and unburned fuel back into the 
main chamber, creating a strong turbulence (tenta- 
tively indicated by the arrows), and helping to burn 
the rest of the unburned fuel. 
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Figuf 6-11. Tyrbulont heads. 
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6-6. Timing and injection. As already explained 
ia Sec. 6-4, chcrc exists a certain tirae lag between 
the time that the fuel is injected into the cylinder and 
the time that it ignites and begins to burn and raise 
the cylinder pressure. This time lag, called ignition 
dilay, requires an advance of the fuel injection several 
crank-angle degrees before top center. In addition, 
it should be noted that there exists another lag in 
the fuel injection. The beginning of the delivery 
stroke of the injection pump is set to correspond to a 
certain position of the engine crankshaft. The injec- 
tion liming is checked by slowly turning the engine 
over. The actual admission of the fuel into the engine 
will start several crank-angle degrees later. The 
reason for this time lag is the mechanical flexibility 
of the injection mechanism, taking up of clearances 
between the various rollers, pins, levers, etc., and the 
compressibility of the fuel oil, especially noticeable 
with a long fuel line. This lag is called injection lag^ 
and amounts also to several c.a. degrees. 

Both the ignition lag and injection lag depend upon 
a number of various factors and may vary considerably 
from engine to engine. The following data obtained 
from actual tests may serve as an illustration. In an 
engine, operating at 900 rpm., the injection was set 
to begin at IT^ b.t.c; actual injection started only 
about 17** b.t.c, which gives an injection lag of 5**; 
ignition started 8® b.t.c. which gives an ignition delay 
(rf 9**, or a total lag of 14*^ behind the nominal fuel 
timing. On the other hand, the pump delivery stroke 
was cut off y b.t.c, but due to the expansion of the 
fuel compressed in the fuel line the actual end of 
injection occurred slightly after t.c. In other engines 
the lag may be greater or smaller. 

The only way to determine the correct fuel timing 
is by operating the engine, changing the timing, and 
finding the timing with which the engine operates 
best, i.e., has the lowest fuel consumption, carries 
the highest load without smoking, and runs the 
smoothest. Such timing is worked out at the engine 
factory and is given in the instruction book. The 
operator should maintain this timing, unless the 
engine operating conditions are radically changed, 
such as running the engine at a different speed, or 
using a very different fuel. In this case the proper 
timing must be found again as mentioned before. 

Valve timing. As mentioned in Sec. 5-1, the open- 
ing of both the exhaust and intake valves occurs 
before the corresponding dead center, and their closing 
defter it. The causes arc partly in the mechanical lag 
of action, due to clearances which must be taken up, 
and the flexibility of the long push rods, rocker arms. 



etc., but chiefly in the necessity of a gradual opening 
and closing of the valves. Thus, there elapses an 
appreciable time element between the moment when 
the valve begins to leave the seat, and the moment 
when it has sufliciently moved away from the seat to 
allow exhaust gases to pass from the cylinder, in the 
case of an exhaust valve, and air into the cylinder, in 
the case of an intake valve. The same holds true for 
the closing of the valves, but in reverse: several crank 
angles before a valve touches its seat, the passage 
becomes so restricted that the flow of gases practically 
stops. The gradual opening and closing is necessary 
to overcome the forces of inertia of the parts of the 
valve actuating mechanism, without exerting undue 
pressures between the cams, cam followers, and vari- 
ous pins and bearings during the opening of a valve 
and the pounding of the valve against its seat when 
the valve is being closed. 

The best timing depends upon a number of factors 
such as valve lift, shape of the cam, speed of the en- 
gine, restrictions in the cylinder head passages, etc. 
The proper timing is found and set when the engine 
is tested at the factory and is given in the manufac- 
turer's instruction book. It should be maintained and 
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checked in operation. Even a slight change of the 
clearance between the cam and the cam followers, 
which can occur when a valve is ground or when the 
valve actuating mechanism is disassembled and put 
together without careful checking, will affect the 
timing. An increase of the clearance will retard the 
opening of a valve and advance its closing; a decrease 
of the clearance will act in the opposite direction. 
An excessive decrease of the clearance may prevent 
the valve from seating properly with all the related 
consequences, such as loss of power, burning of the 
valve seat, etc. 

The same remarks apply to the timing of the ex- 
haust valves of two-stroke engines. 

6-7. Supercharging. Supercharging has as its ob- 
ject an increase in the power which an engine of given 
piston displacement and speed can develop. Since in 
a diesel engine the power is developed by the burning 
of fuel, an increase of power requires more fuel to be 
burned, and therefore, more air must be available 
since each pound of fuel requires a certain amount of 
air. According to expression (2-7), other conditions 
being the same, a given volume will hold a greater 
weight of any gas, including air, if the gas pressure 
is increased. Thus, supercharging means a higher 
pressure of the air charge in the cylinder at the be- 
ginning of the compression stroke. 

In order to increase the air pressure, in four-stroke 
engines, the air charge is not sucked into the cylinder, 
or as it is called, is not admitted due to natural aspira- 
tion by the receding piston, but is pushed in by a higher 
pressure created by a separate air pump or blower. 
There are three types of blowers used: (1) reciprocat- 
ing piston pumps, similar to an air compressor; (2) 
rotating positive-displacement blowers, of the Root- 
blower type; and (3) centrifugal high-speed blowers, 
similar to centrifugal pumps. 

When a supercharger is applied to a four-stroke en- 
gine, the main change required in the engine design is a 
change in timing of the intake and exhaust valves. 
The intake-valve opening time is advanced and the 
exhaust-valve closing is retarded. The two valves 
are designed to stay open simultaneously for about 
80 to 160 degrees, the selection depending upon the 
normal engine speed. This simultaneous opening is 
called overlapping. Tests have shown that an overlap 
of 40 to 50 degrees increases the power output of an 
engine about 5 per cent if the supercharging is very 
small, sufficient only to eliminate the vacuum in the 
cylinder during the suction stroke, and up to 8 per 
cent with a supercharger pressure of 12 in. mercury, 



as compared with an overlap of 10 to 20 degrees 
commonly used in unsupercharged engines. The total 
power gain due to supercharging varies from 20 to 50 
per cent depending upon the supercharging pressure, 
which in present naval engines varies from 5.0 in. 
to about 12 in. mercury. 

It should be noted, that simultaneously with an in- 
crease of the mean effective pressure, supercharging 
increases also the maximum or firing pressure and the 
maximum temperatures. On the other hand, the fuel 
consumption per hp.-hr. usually decreases with super- 
charging, due to an increase of turbulence and hence 
better mixing of the fuel with the air charge. 

Two-stroke engines usually have a blower to obtain 
scavenge air and their supercharging is obtained 
simply by increasing the amount and pressure of 
scavenge air. In addition, a slight change of the ex- 
haust and scavenge timing is made in order to retain 
more scavenge air at the beginning of the compres- 
sion stroke. 

The supercharging equipment will be discussed in 
greater detail in Chapter 12. 

6-8. Problems. 1. Determine the indicated horse- 
power developed by a 6X12?4X 15^X400 four- 
stroke diesel engine. The indicator card taken with a 
320-psi. in. spring has an area of 0.546sq. in., its length 
is 2 in.; assume that all cylinders give the same indi- 
cator card. Ans. 523 ihp. 

2. Find the brake hp. of the engine of problem 1, 
if the load which it was carrying when the indicator 
card was taken was 300 kw.; assume the efficiency of 
the D.C. generator as 95 per cent. Ans. 423 bhp. 

3. Find the friction hp. and mcch. eff. of the engine 
of problems 1 and 2. Ans. 100 fhp.; 80.9 per cent. 

4. Find the bmep. of the engine of problems 1 and 
2. Ans. 71. 4 psi. 

5. The engine of problems 1 and 2 was using 0.559 
lb. per kw.-hr. fuel oil. The heat value of the fuel is 
18,720 Btu. per lb. Determine the indicated thermal 
efficiency of the engine under these conditions. Ans. 
42.4 per cent. 

6. Find the over-all efficiency of the engine of 
problems 1, 2, and 5. Ans. 34. 3 per cent. 

7. Find the injection lag in seconds for an engine 
running at 2,200 rpm., if the injection is set for 23^ 
b.t.c, and the actual delivery of the fuel into the 
cylinder occurs at 15. 5^ b.t.c. Ans. 0 00057 sec. 

6-9. Questions. 1. What is the purpose of an in- 
dicator card? 
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2. What is indicated horsepower? 

3. What is a pressure- time diagram? 

4. Enumerate the principal efficiencies encountered 
when dealing with a diesel engine. 

5. What is brake horsepower? 

6. What is mechanical efficiency of a diesel engine? 



7. What is brake mean effective pressure? 

8. What is ignition delay? 

9. What is the object of turbulence? 

10. Why do the valves in four-stroke engines not 
open and close on the corresponding dead center? 

11. What is the object of supercharging? 
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STRUCTURAL ENGINE PARTS 



A. MAIN STATIONARY PARTS 



7-1. General. The main stationary parts of a 
dicscl engine are designed to maintain the moving or 
working parts in their proper relative positions, so 
that the gas pressure produced by the combustion is 
used to push the piston and rotate the crankshaft. 
The main requirement is strength, next comes low 
weight, and finally simplicity of design. In naval 
service, the size of an engine must be the smallest 
possible because of space limitations. Diesel engines 
of a few years ago were several times as heavy per 
horsepower output as the more modern engines. The 
reduction in weight in recent years has been possible, 
partly to improvements in materials which provide 
greater strength per unit area, but mostly due to im- 
proved design and methods of calculation and manu- 
facture which permit the use of lighter sections. 

7-2. Engine Frame. The frame connects the top of 
the cylinder to the supports for the crankshaft. In 
the earlier designs, at present used only in large, low- 
speed engines, the frame consists of a separate cylinder 
block, crankcasc, and bed plate with an oil pan or 
sump, Fig. 7-1. The main bearings supporting the 
crankshaft were held in the crankcase, while the 
pistons operated in the cylinder block above it. The 
gas-pressure load was taken up by tie bolts running 
from top to bottom. Cylinder block, crankcase, and 
bed plate were made of gray-iron castings. 

Modern designs of high-power output engines have 
frames welded of steel with plates located at places 
where the loads occur. Fig. 7-2.Thc customary arrange- 
ment combines the cylinder block and oil pan with 
the main bearing supports, although a separate crank- 
case section is somecimes used. Cylinder blocks and 
crankcascs of small high-speed engines arc still made 
of cast iron. 

Crankcasi. The crankcasc is often integral with the 



cylinder block. In the models where it is a separate 
section, it generally consists of a plain rectangular 
frame with cross-ribbing to provide rigidity. Occa- 
sionally, the main bearings are held by a cross-ribbing 
in the crankcase, but more often they are hung from 
the bottom of the cylinder block. Access doors arc 
provided at every cylinder to permit assembly and 
observation of the bearings. 

7-3. Cylinders. The cylinders were separate units 
on some older models, but in modern naval engines 
they are secured within the block which also contains 
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passages for cooling water, lubricating oil to the bear- 
ings, and intake air. Each cylinder is secured in a 
separate compartment with cross-bracing between the 
compartments. 

Cylinder liners. There arc three types of cylinder 
liners in use: 

a. Dry type: a simple sleeve with thin walls inserted 
in the cylinder which is part of the cylinder block. 
Fig. 7-3. The cooling water moves about the outer 
cylinder and does not contact the liner. The liner is 
inserted in the cylinder with a light press fit. When 
worn or scored it can easily be removed and replaced 
by a new liner. 

b. Wtt liner: a sleeve whose outer surface comes 
into direct contact with the cooling water. Fig. 7-4. 
The liner is normally sealed against water leakage at 
the top end by a gasket under the flange or a machined 
fit, and by rubber or neoprene rings around the lower 
end. The liner is free to expand or contract length- 
wise. The thickness of the wall is such as to take the 
full working pressure of the gases. 

c. Water jacketed type: the liner has its own cast-on 
or permanently shrunk-on jacket around the outside 
for the circulating cooling water. Fig. 7-5. The 
water is admitted into the bottom of the jacket and 
leaves through the top. This type is used mostly in 
two-stroke engines where it is difficult to obtain a 



watertight seal around the ports when using a wet 
liner, because of the expansion of the liner due to heat 
during engine operation. 

The cylinder liner must be made of material which 
will cnaWe the piston and rings to move up and down 
with the minimum friction, and will give the least 
wear to both the liner and the piston parts. Cast 
iron is the usual material, although steel sleeves arc 
sometimes used. A recent development has been a 
coating of 0.003- to 0.006-in. electro-deposited porous 
chromium. The chromium resists wear, while the 
pores in the plating hold lubricating oil and maintain 
a lubrication film necessary to reduce friction and 
scuffing. 

Cylinder heads. The cylinder head seals the combus- 
tion chamber, and in most engines, contains the valves 
and passages for intake and exhaust gases, the fuel 
injection nozzle, the air starting and relief valves, and 
passages for the cooling water from the cylinder 
jacket as shown in Fig. 7-5- It is a casting of alloy 
iron, seldom of aluminum. Because of the heat pass- 
ing through it from the combustion chamber and the 
exhaust passages, it has to be water-cooled. Such 
cooling prevents excessive temperatures which might 
crack it and which would interfere with the operation 
of the fuel injection nozzle and all other valves. The 
larger-bore engines have individual heads for each 
cylinder, while small-bore engines may have a single 
head covering all cylinders, or pairs of cylinders. 

7-4. Other ports. Crankshaft bearings. In older 
designs and in very large, low-speed, diesel engines, 
the main and crankpin bearings consist of heavy. 



Figurm 7''3, Dry linmr. 
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Figuf 7-4, W%f linf. 

cast-iron or cast-steel boxes with a thick, up to one- 
half inch, babbitt lining. Each bearing must He 
hiind-scrapcd to a running fit with its journal. All 
modern dicscl engines, regardless of size and speed, 
have precision bearings. Precision bearings are sepa- 
rate from the saddles and connecting rods. They 
consist of relatively thin steel, bronze, or brass shells, 
with a lining of bearing metal, which is generally 
l/}2-inch or less in thickness. The bearing metal 
may be one of several types which have proved satis- 
factory: lead-base babbitt, copper-lead, cadmium- 
silver, etc. Grooving is kept to the minimum, and 
wcdgc-typc lubrication is used to the fullest extent, 
as explained in Sec. 10-6. 

Crosshead guide. Only double-acting diesel engines 
require a crosshead and crosshead guide; however, a 
few of the largest single-acting engines also use them. 
The purpose of the crosshead guide is to take the side 
thrust coming from the angularity of the connecting 
rod, which otherwise would be taken by the cylinder 
liner. The bearing surface of the crosshead guide is 
a flat slipper. Bearing loads are low, and, with proper 
lubrication, ordinary babbitt usually suffices as a 
bearing surface. 



B. MAIN MOVING PARTS 

7-5. Crankshaft. The forces acting on a dicscl 
engine crankshaft are high because of the high peak 
gas loads and the inertia forces of the moving parts. 
The mam requirements are mechanical strength, and 
lengthwise and torsional rigidity. The shafts have 
relatively large diameters and are supported by main 
bearings between each pair of cranks, as shown in 
Fig. 7-6. At present, most crankshafts are forged, 
some from open-hearth, but the majority from high- 
strength alloy steels. However, advances in the 
understanding of the stress distributions in diesel 
crankshafts are changing the situation. It has been 
found that the removal of metal at certain sections 
will redistribute the stresses and result in a stronger 
shaft. Casting permits easier application of such 
improved shapes, and as a result high-strength cast- 
iron, and in some cases cast-stcei, crankshafts are 
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Figyf 7-6. Oankthaft of a six-cylinder diesel •ngine. 



being used in several modern dicscl engines. Many 
forged steel shafts are surface-hardened by electrically 
heating the surface alone and quenching it with sprays 
of water. Surfacing of the journals with a harder 
metal, such as electro-deposited chromium which will 
take a smooth dense finish, is being considered to 
reduce shaft wear and improve bearing conditions. 
The shafts are drilled through the crank webs to ad- 
mit pressure lubrication from the main bearings to the 
crankpins and wrist pins. In some cases the oil is 
carried further and is used for cooling the piston 
crowns. 

7-6. Pistons. Pistons of single-acting engines usu- 
ally arc of the trunk type. They must carry pressures 
varying from a slight vacuum to peak pressures of 
1,000 to 1,200 psi., with the resulting fluctuation in 
temperature setting up expansion stresses. They have 
to withstand high bearing and side-thrust loads from 
contact with the cylinder liner. Often they have in- 
sufficient lubrication, and have to resist wear on the 
outside cylindrical surface and in the ring grooves 
from the pressure and sliding action of the compres- 
sion rings. 

Pistons arc usually cast because it is easier to pro- 
vide satisfactory ribbing on the interior in a casting 
and still keep the weight low. However, forged 
pistons are used with some engines. Pistons of slow, 
hcavv-duty engines, where strength is a more im|X)r- 
tant factor than weight, arc made of cast-iron. They 
may be cooled by water or oil circulated through 
bafllcs within the piston, but generally they arc cooled 
merely by air contact, and with lubricating oil 
sprayed from the connecting-rod cap under the crown 
of the piston. Pistons of higher speed engines have 
to be made as light as possible because of the effect 
of the mass on the bearing loads. For several years 
the tendency was to use aluminum pistons. Recently 
the trend has changed to pistons of cast-iron with 
very thin walls and cooled by lubricating oil circu- 
lated through the inside. The <:ast-iron has the 
decided advantage of having the same coefficient of 
expansion as the cylinder liner. Tljis permits the use 
of smaller piston-to-liner clearances when cold, with- 
out the danger of seizure when operating under a 
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heavy load. Fig. 7-7 shows a piston of a single- 
acting two-srroke engine, and Fig. 7-8 the piston of 
an opposed-piston two-stroke engine. 

Pistons for use in double-acting engines are built 
up of several sections, and are closed at both ends 
because both ends arc used for combustion chambers. 
They are cooled by oil entering and leaving through 
the piston rod. 

IVrut pins. All of the load developed in the cylinder 
passes through the wrist or piston pin. It is the only 
connecting link between the piston and the connect- 
ing rod. Most wrist pins are supported at both ends 
by bronze bushings in the piston bosses, and are main- 
tained in place by caps which arc fitted to each side 
of the piston. The connecting rod swings on a bronze 
bushing or needle bearing at the center of the pin. 
Such wrist pins are known as full-floating pins. In 
some engines the wrist pins are locked in the piston 
at the ends and are known as stationary pins. The 
disadvantage of this design is that all swinging move- 
ment is confined to the connecting rod bearing and 
there is some danger of less uniform wear. A third 
type, a semi-floating pin, is supported at both ends by 
bronze bushings in the piston bosses, and clamped in 
the middle in the connecting-rod end. 




Figure 7-7. Piston of a single-acting twO'Stroke engine. 
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Figuf 7-8. Piston of an oppofd-piston two-stroko •ng/n*. 

Wrist-pin bearings operate under rather severe con- 
ditions. In addition to the great load from the piston 
pressures, there is the handicap of less efficient lubri- 
cation because the swinging motion does not help to 
form an oil film as much as the rotary motion of a 
journal. The wrist pin is made of a steel alloy of 
sufficient strength to carry the load and must have 
a fine-finish hardened surface to obtain good bearing 
action. 

7-7. Piston rings. At the top of the piston arc 
several compression rings which serve three purposes: 

1. They seal the space between the piston and the 
liner, thus preventing the high-pressure combustion 
gases, or the air charge during the compression 
stroke, from escaping down the liner. 

2. They transmit heat from the piston to the water- 
cooled cylinder liner. 

3. They damp out part of the fluctuations of the 
piston side thrust. 

The oil'scraper or oil-control rings usually are located 
at the bottom end of the piston; in some engines they 
are placed above the wrist pin. Small engines use 
one, larger engines use two or three oil-control rings 
to a piston. Their purpose is to scrape off most of 
the lubricating oil splashed upward by the crankshaft 
and connecting rod, thus reducing the amount of oil 
carried upward and burned in the combustion cham- 
ber. At the same time they must allow sufficient 
lubricating oil to be carried to the upper part of the 
liner during the upstroke, so that there will be proper 
lubrication for the piston and the compression rings. 
Double-acting pistons have no oil-scraper rings as no 
oil is splashed on the liner. 



Compression rings arc made of gray cast-iron. Some 
types have special facings, such as a bronze insert, 
Fig. 7-lOa, or a treated surface, to facilitate scating-in 
to the liner. To expedite the wearing in, or seating of 
the ring face, some rings have a slight angle, to 1 
degree to the face, so that at first the contact area is 
very small, wear is rather fast, and later decreases. 

The type of compression ring most widely used has 
a rectangular cross-section. The diameter of the ring 
is slightly larger than the cylinder bore, and part of 
the ring is cut away to permit it to go into the cyl- 
inder. The difference in diameters produces a pres- 
sure against the liner wall. The pressure of the upper 
rings is increased by the additional action of the gases. 
The combustion gases or compression air enter behind 
the ring through the vertical clearance which always 
exists between a ring and its groove and force the 
ring against the cylinder liner. 

Some engines have compression rings with the bot- 
tom wall or both bottom and top walls beveled, male*- 
ing the ring thinner at the inside than on the outside 
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diameter. Fig. 7-9. The groove in the piston is ma- 
chined to the same shape. The gas pressure acting on 
the top wall, due to the beveled bottom surface, pro- 
duces an additional force pressing the ring against 
the cylinder wall and helps to seal it. On the other 
hand, at each reversal of the side thrust of the piston, 
the ring slides slightly into the groove, is pressed 
against the upper groove wall, crushes the carbon 
which is deposited on it, and keeps the ring from 
sticking. Some engines use bi-metal rings. Fig. 7-lOb, 
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in which the cast-iron wearing face is brazed to a 
steel inner ring to obtain increased strength and to 
reduce the probability of ring fracture. 

The oil -control rings have a narrow face so as to 
obtain a higher unit wall pressure, and arc often 
undercut to give a scraping edge. Some engines use 
flexible rings which follow deviations in the cylinder 
liner bore. In some designs the ring has one, in others 
two narrow scraping edges, and the piston has rows 
of holes drilled in it for draining the oil through the 
bottom of the ring grooves or through the lands be- 
tween the grooves or both, Figs. 7-lla, b, and c. 



The oil scraped by the ring must be drained off immc- 
diatcly, otherwise it will build up a pressure which 
will force the ring back into its groove and stop the 
scraping action. It is important that the drainage 
from the piston grooves be complete. Inadequate 
drainage means faulty scraping, higher lubricating 
oil consumption, and a darker color of the engine 
exhaust gases. Spring steel expanders are sometimes 
used behind the rings to increase the wall pressure 
and improve the scraping action. 

The gap between the ends of the compression rings 
when inserted cold in the cylinder must be sufficiently 
large so that when the ring expands with the full 
piston temperature the ends will not be pressed to- 
gether and buckle the ring. The way in which the 
ends arc cut varies. Most rings have the ends cut 
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Figvro 7-72. Piston rings. 
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square, Fig. 7-12a. A design which makes gas blow- 
by more difficult has the ends cur at a 45** angle, Fig. 
7-12b. There are several designs of step-seal rings. 
Figs. 7-12c and 12d. However, there is little gained 
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by this more complicated shape. Oil control rings in 
two-stroke engines are likely to catch the ring ends 
in the ports over which the rings slide because of the 
ring flexibility. To prevent this, the ends arc notched 
and a pin is installed in the piston groove to hold 
the ring ends always in line with a bridge between 
the ports. 

7-8. Connecting rods. Connecting rods used in 
Navy engines arc mostly of the type used in automo- 
biles. Fig. 7-13a. They have an eye at the small end 
for the piston pin bearing, a long shank, and a big- 
end opening which is split to take the crankpin 
precision bearing shells. The rods are forged of a high- 
strength alloy steel. Most connecting rods are rifle- 
drilled from the big end to the eye for oil flow from 
the crankshaft to the piston pin, and in some engines 
to the piston crown to cool it. Very often the rod 
shank is H-shaped for maximum strength with mini- 
mum weight. Types of rods include: (1) the normal 
shape, Fig. 7-13a, used with only one cylinder to a 
crankpin of two cylinders, offset so the rods can oper- 
ate side-by-sidc; (2) fork-and-blade rods in \'-type 
engines, Fig. 7-13b, in which the big end of one rod 
has the normal shape while the rod of the piston in 
the opposite bank is widened and split into a fork 
shape straddling the first rod; (3) articulated connect- 
ing rods, Fig. 7 13c, in which one rod, the master rod 
is of the conventional shape except that it has a pro- 
jection off the shank with an eye to which the rod 
for the piston in the opposite bank, called the articu- 
lated or link rod, is attached. Finally, there is the rod 
type used on the pancake engine, in which the big 
end of the rod consists of a short pad with the bearmg 




Pigw 7-14. Forked connecting rod for crosshoad piston. 




Figurm 7-15. Crouhoad. 

metal directly on the rod. Four such rods are located 
radially around a crankpin with retainer rings 
around the outside of the pads to hold all four against 
the crankpin. Connecting rods of double-acting en- 
gines have a forked small end with the wrist pin 
fastened in it and swinging in the bearing fastened to 
the crosshcad, Fig, 7-14. 

7-9. Piston rods. The piston rod is a hollow, 
straight rod, used to connect the piston to the cross- 
head in engines with crosshcads. Its motion is 
straight reciprocation. Within the rod are contained 
the passages for the cooling oil entering and leaving 
the piston. If the rod is used with a double-acting 
engine, the diameter of one end of the rod must not 
be larger than the diameter of the main rod length 
so that it can be inserted through the stuffing box. 
The rod is generally assembled together with the 
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piston, often with the piston parts clamping the end 
of the rod. It is installed through the stuffing box 
in the lower head and fastened to the crosshead, 
usually by a screwed connectioQ» as shown in Fig. 
7-15. 

7-10. Crosshead. The crosshead, Fig. 7-15, trans- 
mits the load from the piston rod to the connecting 
rod and takes all the side thrust usually taken by the 
piston. The design now generally used includes a 
ball-and-socket joint with the piston rod end, to take 
care of any unavoidable slight misalignment, and a 
bearing for the wrist pin fastened in the forked end 
of the connecting rod. 

The crosshead, long oil-cooled piston, and long 
piston rod, increase considerably the weight of the 
reciprocating masses of double-acting engines. At a 
speed of 720 rpm., used in Navy engines of this tyf)c, 
the loads on all bearings, main, crankpin, and wrist 
pin, become rather large due to the forces of inertia 



and make more important good lubrication of these 
bearings. 

7-11. QMestions. 1. What is the purpose of the 
main stationary diesel engine parts? 

2. State the material and procedures used in making 
the engine frames of naval high-power output diesel 
engines. 

3. What types of cylinder liners are in use in naval 
diesel engines? 

4. What type of crankshaft bearings are used in 
present naval diesel engines? 

5. \K hat methods are used in making crankshafts 
for naval diesel engines? 

6. What material is used in present engine pistons? 

7. What are the main purposes of piston rings? 

8. What is meant by an oil-control piston ring? 

9. What types of connecting rods are used in 
naval diesel engines? 

10. In what engines is a piston rod necessary? 

11. What is the purpose of a crosshead? 
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VALVE GEAR 



8-1. General. The combination of all parts, in- 
cluding the various valves, which control the admis- 
sion of the air charge in four-stroke engines, the 
discharge of exhaust gases in all four-stroke and 
many two-stroke engines, the admission of fuel in 
some diesei engines, and the admission of compressed 
air for starting all larger engines, is called the valve 
^ear. The combination of those parts which only 
operate the various intake, exhaust, fuel, and air 
starter valves, open and close them at the proper 
moment in respect to the position of the piston, and 
hold them open during the required time, is called 
the valve actuating gear^ the word actuating, meaning 
producing action or moving. 

In Fig. 4-1 the various parts of a valve gear were 
indicated. Their action is as follows: the rotating 
camshaft 19 with the cam 20 pushes the roller cam 
follower 21 and push rod 22 upward, thus transmitting 
the cam action to the rocker arm 23; the latter changes 
the upward motion of the push rod to a downward 
motion of the valve, and the valve spring 24 returns 
the valve to its seat, and closes it; the spring action 
is controlled by the closing side of the cam again 
transmitted through the same intermediate members. 
In some engines the camshaft is raised to the cylinder- 
head level which eliminates the need for push rods, 
and the roller-type cam follower is made part of the 
rocker arm. 

8-2. Cams and camshaft. A cam is an eccentric 

projection on a revolving disk which controls the 
operation of a valve, usually through various inter- 
mediate parts as described above. Originally cams 
were made as separate pieces and fastened to the cam- 
shaft. However, most modem diescl engines, even in 
larger sizes, now have cams forged or cast integral 
with, i.e., a part of the camshaft, and then machined, 
the camshaft being similar to auromobile-enginc 
camshafts. Therefore, if one cylinder is timed cor- 



rectly, all are, and any change in timing will affect 
all cylinders. 

In operation, cams are subjected to shock action, 
and in order to reduce wear they must be hardened. 
The shape of the cam determines the points of open- 
ing and closing of the valve, the speed of opening and 
closing, and the amount of the valve lift. The re- 
quired cam shape or profile surface is obtained by 
accurate grinding. The sides of a cam are called 
flanks^ the highest part is called the nose. The cam 
may have flanks <vhich are curved outward and are 
called convex-curve flanks. Fig. 8-1 a, 8- lb and 8~lc, 
show cams with straight sides, called fanj^^enrial 
flanks. Figs. 8-la and 8-lb show typical intake and 
exhaust cam shapes for four-stroke engines; Fig. 8-lc 
shows an exhaust cam for a two-stroke engine. 

Fig. 8-2a shows an adjustable fuel-injection cam as 
used on four-stroke engines with a common-rail or 
similar injection system (explained in Chapter 9), 
in which the nose may have to be exchanged and the 
injection accurately timed. The nose is made in the 
form of a hardened steel insert /, held by set screws /, 
and blocks or keys which can be filed to obtain the 
exact location of the nose. Fig. 8 2b shows a fuel- 
injection cam as used on a two-stroke engine with a 
unit injector (Chapter 9). 

Fig. 8 3a shows a typical shape of the cam for the 
air-starter valve of a four-stroke engine; it has a quick 




(a) (b) (c) 

Figurm 8-7. Profilms of intake and 9xhoust cams. 



45 



RESTRICTED 



FUNDAMENTALS OF DIESEL ENGINES-U.S. NAVY 




(o) lb) 
Figuf 8-2. f«»/-/n/»cf/on cams. 



and abrupt lift which gives full valve opening almost 
immediately, and prevents throttling of the com- 
pressed air through the starting valve. A gradual 
seating of the valve is obtained by the smoother shape 
on the closing side. Fig. 8 3b shows an air-starting 
cam for a high-speed two-stroke diesel engine. 

In a four-stroke engine there are at least two cams 
for each cylinder, one for the inlet and the other for 
the exhaust valve. Depending upon the fuel-in )ection 
system used, there may be another cam to operate 
the fuel injector, and if air-starting is used, still 
another cam for the air-starting valve. If the engine 
is reversible, there will be another set of cams for 
the other direction of rotation of the engine, resulting 
in as many as eight cams per cylinder. In two-stroke 
engines there is no cam for the intake, but if exhaust 
valves are used, at least two exhaust valves per cylin- 
der are present which may be operated either by 
common or two separate cams, so that the number of 
cams is about the same as in a four-stroke engine. 

Camshaft, As already mentioned, in some engines 
the camshaft is a straight round shaft and the cams 
are separate pieces, machined and keyed to the shaft. 
However, in most modern diesel engines the cams and 
the shaft are forged or cast in one piece. In some larger 



engines the integral camshafts arc made up of two or 
more sections to facilitate replacement in a restricted 
space. The sections are bolted together by flanges 
with fitted reamed holes to assure accurate timing. 
Most camshafts are made of forged steel, usually of 
nickel-chromium alloy steel, and the larger ones arc 
usually bored hollow. They are heat treated and in 
some cases the cams arc surface hardened. The cam- 
shafts are carried in plain bearings. 




(a) (b) 
Pigurm 8-3. Air-starting cams. 



Camshaft drives . Camshafts arc driven from the 
engine crankshaft by various means. Fig. 8-4a shows 
a drive by a train of straight spur or helical spur 
gears used in most Navy diesel engines. Fig. 8-4b 
shows a drive by two pairs of helical or screw gears 
and an intermediate vertical shaft; and Fig. 8-4c a 
similar drive but using two pairs of bevel gears. 
Fig. 8-4d shows a chain drive, d is the crankshaft, 
the sprocket keyed to it, the camshaft sprocket 
and m the camshaft. 

In two-stroke engines the camshaft rotates at the 
same speed as the crankshaft, while in four-stroke 
engines it rotates at half crankshaft speed. 

8-3. Cam followers. Modem diesel engines use 
several types of cam followers: 




Figvrm Q-4, Typ^s of camshaft drives. 
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1. The flat or mushroom follower. Fig. 8- 5a, oper- 
ated by a convex cam. 

2. The roller-type follower, Fig. 8-5b, with a 
tangential-flank cam. 

3. The pivoted follower. Fig. 8-5c, which may be 
used with a cam of any shape. 

The combination of the convex-flank cam with the 
flat mushroom follower provides a considerably faster 
valve opening and closing and is used on smaller 
engines, running at higher speeds. The disadvantage 
of this type of follower is a faster acceleration which 
results in higher inertia forces. On the other hand, 
this combination gives a lower deceleration of the 
valve assembly as the latter approaches the top or 
nose of the cam, and consequently requires somewhat 
smaller spring forces to prevent bouncing of the valve 
gear. Bouncing of the valve gear occurs after it has 
reached the maximum acceleration point during the 
lifting of the valve, and from then on it must be 
decelerated as the follower nears the top of the lift 
at the nose of the cam. The inertia of the valve gear 
at this point tends to lift the valve faster than the 
cam action. If the valve spring does not have enough 
force to decelerate the moving parts of the valve gear 
at the same rate as the contour of the cam, then the 
follower will leave the surface of the cam, if only for 
an instant. When it makes contact again, it does so 
with considerable shock, causing pounding and exces- 
sive stresses and wear in various parts of the valve 
gear. This is called bouncing and is very undesirable. 
The sliding part / of a follower, Fig. 8-5, which moves 
up and down in a bored hole above the cam and takes 
the side thrust exerted by the cam, is called a valve 
lifter or tappet. 

The pivoted-type follower, Fig. 8-5c, in its action 
resembles the roller follower. Its main advantage is 
that the side thrust from the cam is taken by the 
pivot of the lever arm instead of by the sliding tappet 
as with the other types. Figs. 8-5a and 8~5b. 




(o) (b) 

Figw 8-5. Com foUommn. 



The rollers of the followers are made of steel, hard- 
ened and accurately ground to si2e and to a true circle. 
It is important that there be little or no play in the 
rollers and that they remain concentric, meaning that 
the center of the outside circle and of the hole in one 
roller are at the same point. 

8-4. Rocker arms. Push rods. The rocker arm has 
one end in contact with the top of the valve stem, and 
the other end, by means of a hardened-steel roller, 
is in contact with the rotating cam profile as it ro- 
tates, if the camshaft is close, near the cylinder head. 
Fig. 8-4c. If the camshaft is located below, as in 
Fig. 4-1, the other end of the rocker arm is in contact 
with the upper end of the push rod; the lower end of 
the push rod is in contact with the rotating cam 
through a cam follower. In most designs, the rocker 
arm is pivoted, not always at or near its middle, and 
the pivot pin is held in brackets secured to the cylin- 
der head. 

When two or more valves of a cylinder must be 
opened and closed at the same time, as in the case 
of the exhaust valves of some General Motors Com- 
pany two-stroke engines, one rocker arm may be 
used to operate two valves by acting upon a so-called 
bridge between the valve stems, Fig. 8-6. The bridge 
has special cams e in contact with the valve stems, 
and a lower extension acting as a guide. An auxiliary 
spring s is used under the bridge to offset its inertia 
and that of the rocker arm, and to assist the valve 
springs in maintaining the cam follower in contact 
with the cam at all times. Fig. 8-6 also shows the 
arrangement of the push rod designed to take care of 
the slight swinging of its upper end. The lower end 
of the push rod has a hardened spherical insert which 
rests in the bored tappet that is accurately lapped 
into the bored bushings; these are pressed into special 
cast-iron supports c. The upper end of the push rod is 
connected to the rocker arm by a ball-and-socket 
joint. The entire assembly is lubricated from the 
force-feed lubrication system of the engine. 

8-5. Valvef. Valve requirements. Getting the fresh 
air into, and the exhaust gases out of the engine 
cylinders requires power, referred to as the pumping 
loss. In order to reduce the back pressure during the 
exhaust process, the exhaust valve openings arc made 
as large as practical. This is particularly important 
in the case of two-stroke engines, since the entire 
exhaust process occurs in a small fraction of the piston 
stroke, and scavenging must be accomplished entirely 
by the pressure of the fresh-air charge. For these 
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Figvn 8-6, Winton vofv* actuating gmar. 



reasons, two-stroke diesel engines generally use two 
to four exhaust valves per cylinder. 

In the case of four-stroke engines, the exhaust valve 
opening is not so critical because the exhaust gases are 
forced out by the piston during an entire stroke. The 
inlet-valve opening is more important since all the 
intake air enters the cylinder through it. Any re- 
strictions to the air flow not only increase the pump- 
ing loss but also reduces the density of the air charge. 
Reduction in the density of the air charge means that 
less weight of oxygen is available per intake stroke; 
consequently, less fuel can be burned and the maxi- 
mum power which can be developed will be smaller. 

These conditions become more pronounced as engine 
speeds are increased; the pumping josses increase 
rapidly due to the higher velocity of gas flow, and 
the density of the air charge decreases. For these 
reasons, the power of every high-speed engine reaches 
a maximum or peak of its brake-horse-powcr curve at 
a certain speed beyond which an increase in speed 
results in a drop in power output. Because of these 
conditions, intake valves are made as large as possible, 
and in some engines arc made larger than the exhaust 
valves. 

Poppef valves. Intake and exhaust valves used in 
diesel engines arc all of the so-called poppet type, 
consisting of a disk or head at the end of a rod or stem. 

Poppet valves have heads with conically shaped or 
beveled edges and bevel scats, which give them a self- 
centering action. Most poppet valves have bevel 
seats ground at an angle of 45*^ with the plane of the 
valve head, as this has proved to give the best service, 
especially under the severe operating conditions 



usually encountered by exhaust valves. In order to 
obtain a greater opening area for a limited valve lift, 
some inlet valves are made with a flatter angle, usually 
30°. For exhaust valves, an angle smaller than 45*^ 
makes the edge of the heads too thin, and more sub- 
ject to the corrosive action of the hot exhaust gases. 

The maximum diameter of a poppet valve is limited, 
chiefly by the problems of valve weight and cooling, 
to approximately one-half the diameter of the cylin- 
der bore. 

Valve construction. The conditions of operation of 
poppet valves in high-speed engines arc most severe. 
The valves must be opened as quickly and as widely 
as possible; they must remain open as long as possible 
and then be closed as quickly as possible. In order to 
reduce the stresses in the valve gear due to the inertia 
forces required to accelerate the valve during opening 
and closing, the valves themselves should be as light 
in weight as possible. On the other hand, the valves 
must be made suflBciently sturdy to cake the constant 
pounding due to continuous opening and closing. 
They must be able to withstand the extreme tempera- 
ture and pressure occurring in the engine cylinder and 
maintain a gastight seal. 

The construction of diesel engine valves, both in- 
take and exhaust, follows the same general practice 
as that developed for heavy-duty automotive engines. 
Exhaust valves are usually made of silicon-chromium 
steel (silchrome) or steel alloys containing a high 
content of nickel and chromium to resist the corro- 
sion of high-tcmperature gases. Often a hard alloy 
such as stellite is welded to the seating surface of the 
valve head, as well as to the tip of the valve stem, 
to increase the hardness of the surfaces subjected to 
the constant pounding of closing and opening. To 
improve the w^earing qualities of the valve stem, 
which usually operates in a bushing of softer metal, 
the stems of many exhaust valves arc made of a steel 
different from that used for the heads, to which they 
arc welded to form so-called built-up valves. Inlet 
valves are not subjected to the corrosive action of 
the hot exhaust gases, and arc usually made of 
cheaper, low-alloy steels. 




Figvr9 9-7. Vatv-smat insft. 
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8-6. Replaceoble parts. Valve-sear inserts. All pop- 
pet valves formerly were seated directly on the sur- 
face of the cast-iron cylinder head. This practice is 
satisfactory for most inlet valves, but usually will 
not give good service for exhaust valves of high- 
output engines. At the high temperatures resulting 
from heat transfer from the exhaust gases and con- 
tact with the hot exhaust valves, cast-iron seating 
surfaces tend to soften and erode due to the constant 
pounding of the valves. In order to increase the 
service life of exhaust-valve scats between reseatings, 
it IS now common practice to employ valve-seat in- 
serts made of alloys which resist these high-tempera- 
ture operating conditions. In some high-output en- 
gines, valve-seat inserts arc used on both inlet and 
exhaust valves. 

Valve-seat inserts consist of rings of a heat-resisting 
alloy which fit into counterborcd recesses in the valve 
port opening, Fig. 8-7, and are generally held in 
place by a shrink fit. To obtain a shrink fit, the diam- 
eter of the insert is made slightly larger than the 
counterbore into which it goes. To install the insert, 
it is shrunk by cooling with dry ice, which has a 
temperature of —110° F, or the cylinder head is ex- 
panded by heating it in boiling water or oil, or both 
methods are used, after which the insert will go 
readily into the counterbore. As soon as the insert 
and cylinder head assume the same temperature, the 
expansion of the valve insert or contraction of the 
cylinder head will hold the insert firmly under slight 
compression. Valve-scat inserts arc made of alloys 
having approximately the same rate of heat expan- 
sion as the cylinder head. The inserts, therefore, will 
be held in place firmly at all operating temperatures 
so long as their temperature is not lower than the 
temperature of the cylinder head. 

Valve guides. The guide holes for the valve stems 
wear, due to the continuous up-and-down motion of 
the stems, and in modern engines, separate bushings 
are inserted in these holes to act as valve guides. 
These bushings not only can be renewed easily when 
worn, but they can be made of material which wears 
less than the cast-iron of the cylinder head. Valve-guide 
bushings are commonly made of a cast-iron which 
has good wearing qualities when used with the steel 
of the valve stem employed. In order to obtain im- 
proved heat conductivity from the valve stem, some 
engines use bronze bushings for valve guides. 

Valve guides for exhaust valves are sometimes made 
longer, i.e., extend further into the valve passage, 
than guides for inlet valves. The longer guide more 
effectively protects the valve stem from the hot ex- 



haust gases and also provides more area to assist in 
cooling the exhaust valve. 

Valve cages. To facilitate grinding and recondition- 
ing of valves and their scats, some large, low^-specd 
engines have their entire valve assemblies mounted in 
cages. The valve cage consists of a hollow cylindrical 
casting containing the guide for the valve stem. The 
valve is seated on the lower edge of the cage and the 
valve spring is mounted on the top. The valve cage fits 
into a hole bored through an inlet or exhaust passage 
in the cylinder head, and is mounted with the head of 
the valve flush with the bottom surface of the head. 
Openings are provided in the walls of the cage which 
communicate with the corresponding passages in the 
cylinder head. 

8-7. Valve springs. A valve spring serves to close 
the valve. Valve springs used on diescl engines arc 
made of round steel wire, wound in a helical coil of 
cylindrical shape. Springs of this type have a force 
which is directly proportional to the amount they 
arc compressed. Only a small portion of the maximum 
valve spring force is necessary to keep the valve tight 
on its seat. The principal duty of the valve spring, as 
mentioned before, is to provide sufficient force during 
the valve lifting process to overcome the inertia forces 
of the valve gear and keep it in contact with the cam 
without bouncing; this is obtained by putting the 
spring under compression when the valve is installed. 
When the valve is opened, this force is increased by 
the additional compression of the spring. 

The space available for the valve spring is limited 
and therefore it is not easy to design and construct a 
spring which will exert the necessary force, and still 
will not break under the constantly repeated change 
of stresses. A spring made of wire of a small diameter 
is subjected to less stress than one made of wire of 
a larger diameter, but it also has a smaller force. 
In some engines, therefore, two or more valve springs 
of small wire diameter are used to operate the valve 
gear. 

Spring surge. Another factor which influences the 
operation of valve springs is the vibration of the 
spring. This is discussed in detail in Sec. 17-6. 




(0) (b) 
Fiffvr* 8-8. Valv-spring r^Mn^n. 
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Spring retainers. Valve springs arc mounted between 
supports located at their ends and are known as 
spring sears. The lower spring scat may be simply a 
recess in the top of the cylinder head or valve cage, 
or it may be a steel washer which rests on top of the 
cylinder head and is shaped to fit the bottom coil of 
the spring. The upper spring scat, called the spring 
retainer, is a steel vvashcr shaped to fit the top of the 
spring and attached to the top of the valve stem by 
some type of removable fastening. 

The most widely used type of spring retainer is 
provided with a conical recess in the upper scat in 
which the valve stem is locked by means of a conical 
split collar, called a lock or keeper. This collar fits 
around the stem and into one. Fig. 8-8a, or more 
grooves, Fig. 8 8b, turned in the valve stem. 

The pressure of the spring on this retainer tends to 
hold the locks tightly in place; yet they may be re- 
moved easily by depressing the spring while holding 
the valve in its closed position. There arc two advan- 
tages to this type of retainer and keeper: first, they 
will not loosen in service, and second, they give a 
strong fastening which docs not result in weakening 
of the valve stem, which frequently occurs when 
other types of fastenings arc used. 

Some large dicscl engines use valve spring retainers 
held in place by a lock nut which screws into threads 
provided on the upper end of the valve stem. 

8-8. Valve lash and adjustment. The expansion 
of the valve stem and of other parts of the valve gear 
when the engine heats up, has a tendency to hold the 
valves off their seats. Some provision, therefore, 
must be made in the valve gear to take care of this 
condition. The most common method used to permit 
this expansion is to provide a clearance or lash be- 
tween the top of the valve stem and the valve-lifting 
mechanism. The proper lash is determined at the 
factory and is given in the engine instruction book. 
It is important that the valve lash specified for the 
valve be maintained. Too much lash will cause noisy 
operation and excessive wear. It will also result in 
improper valve timing, since the valve will open later 
and close sooner than it does with the proper lash. 
Too little lash is even more serious since it may pre- 
vent the valve from seating properly. This will result 
in valve leakage and burning of the valve-seating sur- 
faces, and may even prevent combustion, due to loss 
of compression. All engines are provided with means 
for adjusting this lash or clearance in the valve gear 
somewhere between the cam follower and the valve 
stem. In most engines this adjustment consists of an 



adjustable screw and lock nut located at one end of the 
valve rocker arm. The clearance is measured directly 
by means of a feeler gauge inserted between the tip 
of the valve stem and the rocker-arm roller. 

Automatic valve-lash adjusters are used to avoid the 
necessity of a clearance between the cam and the 
follower regardless of whether the engine is cold or 
warm and, by insuring a constant contact between 
the cam and the follower, to eliminate shock action 
at the beginning of the valve opening. They also 
eliminate the need for manual adjustment in order to 
take care of the wear at various points of the valve 
gear. At present two types of automatic adjusters, 
mechanical and hydraulic, are in use. 




Figyrm 8-9. Com of a mechanical lash adjusfer. 

Mechanical adjuster. A mechanical valve-lash ad- 
juster is incorporated in the valve bridge. Fig. 8-6. 
A spiral spring has a tendency to turn the cam as 
shown by the arrow in Fig. 8 9, when the cylindrical 
spring J, Fig. 8^, pushes the bridge to its highest 
position. Spring s takes up any clearance between the 
various parts of the valve-actuating gear, and the 
turning of the cams e takes up the clearance between 




figyrm 8- TO. Hydravlic lash adjusfar* 
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the ends of the bridge and the upper spring seats which 
arc solidly connected to the valve stem. 

Hydraulic adjuster. Hydraulic lash adjusters may be 
built into the valve tappets, but with valve-in-hcad 
engines they arc generally built into the end of the 
rocker arms or the valve bridges which operate di- 
rectly on the ends of the valve stems. Such an adjuster 
is shown in Fig. 8-10. It consists essentially of a small 
cylinder, referred to as the lifter cylinder, containing 
a piston or plunger, a spring, and a ball check valve. 
It is interposed between the push rod and the rocker 
arm end. In operation, oil under pressure from the 
lubricating oil system enters the lifter cylinder past 
the ball check valve and is trapped under the plunger. 
Any force exerted against the outer end of the plunger 
will be transmitted co the cylinder, mounted in the 
valve gear, by the entrapped oil. The valve is thus 
actuated just as if the lash were taken up mechani- 
cally. Since the spring inside of the cylinder acts to 
force the plunger outward, any clearance between the 
valve and its lifter will be taken up, and the oil 
pressure will immediately fill up the lifter cylinder 
through the check valve. If the valve stem expands, 



there is sufficient leakage of oil past the plunger to 
permit it to move in slowly so there is no danger of 
holding the valve open. 

8-9. Questioni. 1. What is meant by valve gear 
in a diesel engine? 

2. Enumerate the kinds of dicsel engine valves 
operated by cams. 

3. Enumerate the types of camshaft drives used in 
Navy dicsci engines. 

4. Enumerate the types of cam followers used in 
Navy diesel engines. 

5. What is the purpose of a rocker arm in valve 
gear? 

6. Explain why two-stroke diesel engines with ex- 
haust valves use two or more such valves. 

7. Of what material are exhaust valves made? 

8. What is the purpose of valve-scat inserts? 

9. What is the purpose of valve guides? 

10. What is the purpose of valve springs? 

11. What is valve lash? 

12. What types of automatic valve-lash adjusters 
arc in use? 
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CHAPTER 9 

FUEL INJECTION 



9-1. Requirements. The fuel injection system, in 
delivering the fuel to the combustion chamber, must 
fulfiil the following main requirements: 

1. Meter or measure the correct quantity of fuel 
injected. 

2. Time the fuel injection. 

3. Control the rate of fuel injection. 

4. Atomize or break up the fuel into fine particles 
according to the type of combustion chamber. 

5. Properly distribute the fuel in the combustion 
chamber. 

There are two different methods of fuel injection: 
air injection and mechanical or solid injection. Solid in- 
jection can be subdivided into three distinctly differ- 
ent groups: (1) common-rail., (2) indivtdual-pump^ and 
(3) distributor systems. The means of fulfilling the 
five requirements listed above vary according to the 
system used, and are shown in the following table: 



Mctaiog 

Timiog 

]«icctioo ntt. 
Ah 



Air-Imj»ctim 



Pump 

Foci CAm. . 
Spraj vaJre. 
Spraj valve . 
Spray vaJre.. 



lojcciioo valve. . 

Fuel caa 

lojectioo taJvc. . 

lojcctor tip 

Injector tip. . . . 



Pmmf 



Pump 

Pump ^"T* . . 
PuxBp cam. . 
lojcctor . . . . 
lo|«ctor 



Pump. 
Fuel cam. 
Fuel cam. 
lojcceor. 
Injector. 



Metering. Accurate metering or measuring of the 
fuel means that, for the same fuel control setting, 
exactly the same quantity of fuel must be delivered to 
each cylinder for each power stroke of the engine. 
Only in this manner can the engine operate at uniform 
speed with a uniform power output. 

Timing. Proper timing means beginning the fuel in- 
jection at the required moment, and is essential in 
order to obtain the maximum power from the fuel 
air mixture, and thus insure fuel economy and clean 
burning. When the fuel is injected too early in the 
cycle, ignition may be delayed because the temperature 



of the air at this point is not high enough. An exc«^s- 
sive delay, on the other hand, gives rough and noisy 
operation of the engine and also permits some fuel to 
be lost due to wetting of the cylinder walls and piston 
head. This in turn results in poor fuel economy, high 
exhaust gas temperature, and smoke in the exhaust. 
When fuel is injected too late in the cycle, all the fuel 
will not be burned until the piston has traveled well 
past top center. When this happ>cns, the engine will 
not develop its maximum power, the exhaust will be 
smoky, and the fuel consumption will be high. 

Rate of fuel injection is important for the same reason 
that correct timing is important. If the start of the 
injection is correct, but the rate of injection is too 
high, the results will be similar to an excessively early 
injection; if the rate is too low, the results will be 
similar to an excessively late injection. 

Atomization of the fuel must be according to the 
type of combustion chamber in use. Some chambers 
require very fine atomization, others can operate with 
coarser atomization. Proper atomization facilitates 
the starting of the burning process, and insures that 
each minute particle of the fuel will be surrounded 
by particles of oxygen with which it can combine. A 
more detailed discussion of atomization is given in 
Sec. 9-3. 

Distribution. Proper distribution of the fuel must 
be obtained in order that the fuel will penetrate to 
all parts of the combustion chamber where oxvgcn is 
available for combustion. If the fuel is not propcrlv 
distributed, some of the available oxygen will not be 
utilized, and the power output of the engine will be 
low. 

Additional requirements . In order to be practical, the 
fuel injection system, and especially the high-pres- 
sure pump, must have additional features; it must: 

1. Maintain its adjustment for a reasonable period 
of time, not lose it due to the vibrations connected 
with the high engine speed. 
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2. Be economical of power. 

3. Be light and not too bulky, especially in small 
engines. 

4. Be quiet in operation. 

9-2. Air injection. Air injection was used in 
early diesel engines: at present it is seldom used and 
only for large engines operating on heavy viscous 
fuels. 

In air-injection engines, the potential energy of the 
compressed air is converted into kinetic energy, fol- 
owing the principle explained in Sec. 2-6. This kine- 
tic energy of the expanding air is used to feed the fuel 
into the cylinder from the spray valve, to atomize the 
fuel, and to create turbulence in the combustion 
chamber for mixing the fuel and air. 

The air-injection system consists of three main 
elements : 

1. The fuel pump for metering the fuel. 

2. The compressor for supplying the injection air. 

3. The spray valve. 

Fuel pump. The type generally used has a plunger 
for each cylinder of the engine, and the quantity of 
fuel is controlled by varying the effective length of 
the plunger stroke. The only function of the pump is 
to meter accurately the required quantity of fuel and 
to deliver it to the spray valve. 




AIR WLET 
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PERFORATED 
ATOMIZER DISKS 



-FLAME PLATE 



Figw9 9-1, Nordberg air-injmction hml noxih. 



The spray valve. Fig. 9-1, consists of a needle valve 
held on its seat by a heavy spring, atomizer disks with 
holes to break up the fuel and mix it with the injec- 
tion air as both flow through the valve, and a flame 
plate with an orifice through which the fuel-air mix- 
ture is admitted to the combustion chamber. The 
needle valve is lifted mechanically by a lever actuated 
by a cam on the camshaft. 

The timing and duration of injection are controlled 
by the fuel cam. The rate of injection, the atomiza- 
tion of the fuel, and the distribution in the combus- 
tion chamber are all controlled by the number and 
size of the orifices in the atomizer disks and in the 
flame plate, and by the injection-air pressure. Injec- 
tion-air pressures vary from 750 to 1,200 psi., the usual 
pressure being about 1,000 psi. Air injection fulfills 
the five main requirements adequately, but has the 
following disadvantages: the compressor absorbs a 
comparatively large amount of power, and is rather 
heavy and bulky, not suitable for high-speed, small- 
bore engines. 

9-3. Mechanical injection systems. Classificatiopi. 
As already mentioned, all mechanical-injection sys- 
tems may be subdivided into three main groups: 
common-rail^ individual-pump^ and distributor sys- 
tems. The differences in construction in engines of 
different manufacturers arc such that it may help in 
their discussion to subdivide further the main groups. 
The common-rail system may be divided into the 
basic system and a modification, such as that used in 
Cooper- Bessemer engines. The individual-pump sys- 
tem may be divided into the original system, with a 
separate pump and fuel injector for each cylinder, and 
a modification, in which the pump and injector are 
combined in one unit. 

Atomiz.ation is a term applied to the breaking up of 
the fuel stream into mist-like sprays. With mechani- 
cal injection, atomization is obtained as follows: the 
liquid fuel, subjected to a high pressure, passes 
through a small opening into the combustion space 
filled with air, the pressure of which is considerably 
lower. As a result, the fuel streams develop high 
velocity and this creates great friction between the 
liquid stream and the air in the combustion space. 
Due to this friction, minute particles of fuel are brok- 
en off the surface of the stream, then the freshly ex- 
posed particles are again broken off, and so on, until 
the whole liquid stream is broken up into very small 
particles or globules. Atomization literally means 
breaking up into atoms. Actually, each globule is not 
one atom, but consists of many atoms. Therefore, 
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chc term atomization, while an exaggeration, gives 
a general idea of the aim of the process. 

Penetration. In mechanical injection the distribution 
of the fuel in the combustion chamber, generally 
speaking, is obtained by two means: penetration and 
air turbulence. Penetration is the distance through 
which fuel particles are carried by the kinetic energy 
imparted to them when they leave the fuel nozzle. 
Friction between the fuel and the air in the combus- 
tion space gradually absorbs this energy. Penetration 
depends upon various characteristics of the fuel- 
injection system, chiefly upon the injection pressure 
and the size of the nozzle hole, and is reduced by finer 
atomization. Thus, the best conditions arc obtained 
by a compromise between a minimum necessary pene- 
tration and the desirable fineness of atomization. 

Air turbulence, discussed in Sec. 6-5, is independent 
of the fuel injection system and is only an additional 
tool in obtaining good combustion. 

9~4. Common -rail lysfem. This system consists 
of a high-pressure, constant-stroke and constant- 
delivery pump which discharges into a common rail, or 
header, to which each fuel injector is connected by 
tubing. A spring-loaded by-pass valve on the header 
maintains a constant pressure in the system, returning 
all excess oil to the fuel supply tank. The fuel injec- 
tors are operated mechanically, and the amount of oil 
injected into the cylinder at each power stroke is 
controlled by the lift of the fuel-admission valve. 
The operation of the injection system is shown dia- 
grammatically in Fig. 9-2: the fuel cam gives an up- 
ward motion to the push rod; through the rocker arm 
and intermediate lever this motion is transmitted to 
the needle valve; the space above the needle valve 





-FUEL CAM 

Figurm 9-2. Control of fv\ admission in a common-rail sysfom. 



Figure 9-3, 

W/fifon injection noxilm for common-rail fvl systom. 



seat is connected at all times with the fuel header and 
scaled from the top by a packing gland. Fig. 9-3. 
When the needle valve is lifted from its seat, the fuel 
is admitted to the combustion space through the small 
holes drilled in the injector tip, below the valve seat. 
Passing through these tiny holes, the fuel is divided 
into small streams which are broken up or atomized 
as previously explained. The amount of fuel injected 
is controlled in accordance with the power require- 
ment by means of a wedge, Fig. 9-2, which changes 
the lash, Sec. 8-8, of the fuel valve. When the wedge 
is pushed to the right, the valve lash is decreased. 
The motion of the cam follower will then be trans- 
mitted earlier to the push rod. the fuel needle will be 
opened earlier, closed later, and its lift will be slight- 
ly greater. Therefore, more fuel will be admitted per 
cycle. When the wedge is pulled out, to the left, the 
valve lash is increased. The needle valve will be 
lifted later and closed earlier, and less fuel will be 
admitted. The position pf the control wedge is 
changed either by the governor or, in variable-speed 
engines, by hand. The fuel-injection pressure is ad- 
justed to suit the operating conditions by changing 
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the spring pressure in the by-pass valve, called fuel- 
pressure regulator. Fuel-injection pressures of from 3,2CO 
psi. to about 5,000 psi, are used at rated load and 
speed, depending upon the type of engine. In order 
to reduce the pressure fluctuations in the system, due 
to the intermittent fuel discharge from the pumps 
and withdrawals by the fuel valves, the volume of 
the fuel in the system is increased by attaching to the 
fuel header an additional fuel container called the 
accumulator which has a relatively large capacity. 
The area past the needle-valve seat and through the 
passage between the valve, seat and the valve tip 
containing, the orifices, is several times as large as 
the area through the orifices on the tip. The control 
of the fuel jets is largely by the orifices. The valve 
tip commonly used with this system has several 
holes or orifices. 

The common-rail system is not suitable for high- 
speed, small-bore engines, because it is difficult to 
control accurately the small quantities of fuel in- 
jected into each cylinder at each power stroke. 

Cooper-Bessemer system. This system differs from 
the original common-rail system chiefly in that the 
functions of the fuel needle valve arc divided between 
two separate pieces of equipment, the fuel injector and 
the injection nozx}e, as shown schematically in Fig. 
9-4. Another difference lies in the fact that the pres- 
sure regulation is accomplished by the high-pressure 
pump itself. 

The pump plunger, on its downward stroke, first 
closes small holes that connect the pump barrel with 
the fuel admission line. A further downward motion 
increases the oil pressure in the pump until it opens 
the spring-loaded discharge valve and delivers the oil 
into the injection system. During the return stroke 
the spring moves the plunger upward; this creates a 
vacuum and when the plunger uncovers the holes on 
top, oil from the suction side enters into the pump. 
The oil from the fuel-oil pressure tank on its way to 
the suction side of the pump is admitted first to the 
inner side of a sleeve. This sleeve and a second sleeve 
surrounding it have two mating holes. By turning 
the sleeves, one relative to the other and to the hous- 
ing, the amount of fuel admitted to the pump is 
adjusted to meet the load and speed requirements. 
The outer sleeve is set and turned by the governor so 
as to admit the amount of fuel corresponding to the 
load carried by the engine. The inner sleeve is turned 
by a mechanism set to maintain a prescribed constant 
pressure in the system. If the pressure goes up, the 
sleeve is turned to decrease the effective area of 
the opening between the two sleeves. The amount of 



fuel taken by the pump is thus reduced, and as 
a result the pressure in the system goes down. On 
the other hand, when the pressure begins to drop, the 
sleeve is turned in the opp>osite direction, the effective 
opening area is increased, more fuel goes into the 
pump, and the pressure goes up. The injection nozzle 
consists of a spring-loaded plunger with a conical end 
which acts as a valve. It is raised from its seat by 
the oil pressure when the valve in the fuel injector is 
opened, and is returned to its seat by the spring in 
the upper part of the nozzle when the injector valve 
is closed and the oil pressure between this valve and 
the nozzle begins to drop. A quick closing of the 
injection nozzle and elimination of afterndribbling of 
the fuel into the combustion space is obtained as fol- 
lows: the lifter plunger is drilled lengthwise at its 
center from the valve and to a point in line with the 
recess in the injector body, Fig, 9-4. Another hole, 
drilled at a right angle to the central hole, connects 
with it, forming a passage from the lifter end to the 
recess and through it to the drain tank. The bottom 
of the injector valve is lapped to a seat with the end 
of the lifter plunger so that when the two are brought 
in contact during injection, the passage through the 
plunger is sealed. As soon as the fuel cam releases the 
lifter plunger, the valve is closed by its spring. Fig. 
9-4. The oil pressure on the end of the lifter plunger 
will move it downward, and a small amount of fuel 
oil is spilled to the drain tank, relieving the oil pres- 
sure in the nozzle. The lifter spring will then return 
the lifter plunger to a contact with the valve. This 
arrangement also acts as a safety feature which pre- 
vents passage of the fuel oil into the engine cylinder 
except when necessary, even if the injector valve 
should leak at its seat. The system gives good results 
but, like any common-rail system, is not suitable for 
small-bore engines. 




Figwm 9-4. Qoopf-Bmammf fxfi-ln'fcfion sysfmm. 
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9-5. Features of putnp-iniection system. This sys- 
tem, also known as the jerk-pump system, has two 
essential parts to each cylinder, the injection pump and 
the fuel nozx^e. The requirements which a pump in 
this system must fulfill, both in respect to metering 
and timing, are such that they can be met only by a 
precision piece of equipment. 

Accuracy. In operation on a high-speed diesel en- 
gine, these injection pumps must measure and deliver, 
under high pressure and at exactly the required time, 
an exceedingly small quantity of fuel. 

Metering, The volume of the fuel injected is ex- 
tremely small compared with the piston displacement. 
At full load, the volume of the fuel injected is about 
1/20,000 of the piston displacment, and when the 
engine is idling, the volume of fuel required is only 
about 1/5 of that at full load; this gives a volume ratio 
of about 1/100,000. 

Example 9-1. Find the volume of fuel injected in a 
3% in. X 4' 2 in. engine. Its displacement is 
IT X(3.625)-X4.5-46.5 cu. in. The amount of 
fuel neccssarv' per injection varies from 46.5 
+ 20,000-0.00233 cu. in. down to0 0047cu. in. 
These quantities are equal to a spherical drop 
from in. diameter and down to 1/14 in. 

The difficulty of accurately measuring such small 
quantities of fuel, so that all cylinders receive exactly 
the same amount, is quite evident. 

Timing. An idea of the accuracy of timing required 
may be obtained from the following considerations: 
Ordinarily the period during which the fuel is in- 
jected does not exceed 20° of crank travel; if the engine 
speed is 2,000 rpm. the whole injection period corres- 
ponds approximately to 

60X(20/360)-^ 2,000= 1/600 sec. 

The start and end of injection cannot vary more 
than approximately 1° of crankshaft rotation, or 
must occur within limits of about 1/12,000 sec. 

Injection pressures. Such minute quantities must be 
injected within such close time limits under pressures 
which may run as high as 6,000 psi., and in some in- 
jector types even up to 30,000 psi.; most high-speed 
engines, however, use injection pressures of 2,400 to 
3,000 psi. 

Precision workmanship. All injection fuel pumps of 
the jerk-pump type have plungers fitted closely to the 
pump barrels by lapping. Lapping means finishing 
hardened surfaces by working them against the sur- 
faces of laps with an exceedingly fine abrasive ma- 
terial. From a number of plungers and barrels which 
have been lapped truly round and cylindrical but 
differ slightly in diameter, the plungers are fitted to 



their barrels by selective assembly. In this way a fit 
is obtained with a clearance less than 0.0001 in. Such 
a fit gives very little leakage, even with the high 
pressures created, and no packing of any kind is neces- 
sary. Due to the method of fitting a plunger to its 
barrel, these parts are not interchangeable. If a 
plunger or barrel is worn or damaged, both pieces 
must be replaced. 

Pressure waves. Fuel oil, like all liquids, is compres- 
sible. Therefore, when the pump plunger at the be- 
ginning of the actual delivery strikes the oil in the 
pump barrel, the oil is not accelerated at once in the 
whole fuel line. The motion of the plunger increases 
the pressure first in the particles of the oil nearest 
to the plunger. This pressure increase is transmitted 
gradually through the line until it reaches the nozzle. 
On the other hand, due to its inertia, the liquid 
column in the line has a tendency to move away from 
the plunger. Thus, the initial blow of the plunger 
sets up a compressive wave in the fuel line. When 
this wave reaches the nozzle which presents a certain 
resistance, it is reflected and travels back to the plung- 
er, increasing the pressure created by the plunger; 
after it reaches the plunger, it returns to the nozzle, 
etc. This fluctuation of the pressure at the discharge 
end of the fuel line disturbs the fuel discharge through 
the nozzle. During the moment when the pressure at 
the nozzle is low, the fuel discharge is decreased and 
the atomization becomes poorer. The disturbances 
arc particularly noticeable in engines operating at 
variable speed. In addition, the pressure waves may 
produce vibration of the tubing connecting the pump 
and the nozzle, and cause its breakage. The building 
up of pressure waves is affected by many factors, the 
chief ones being the inside diameter and length of the 
fuel-line tubing. The proper length and diameter are 
determined by the engine builders and should never be 
changed as a change may cause serious trouble. 

9-6. Jerk pump. In order to obtain proper atom- 
ization of the fuel spray, .the injection pressure in 
the fuel line must consistently be maintained suffici- 
ently high, from the very start to the end of the in- 
jection. Also, since this pressure is proportional to 
the plunger speed, the latter, too, must be reasonably 
high during the whole injection period. This high 
pressure is obtained by using for the fuel delivery only 
part of the plunger stroke, after the plunger has ac- 
quired a certain speed, and discarding the initial part 
of the stroke. This method produces a sudden acceler- 
ation of the fuel in the line, causing a jerk^ hence the 
name for the pump. 
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Mererhf^. In most jerk pumps, the total plunger 
stroke is constanr and the metering is controlled by 
varying the length of the effective part of the plunger 
stroke by one of the following methods: 

1. The fuel is admitted into the pump barrel 
through ports in the barrel controlled by a spiral 
groove or scroll, also called the helix, on the plunger. 
The plunger can be turned in the barrel while moving 
back and forth, and this changes the portion of the 
plunger stroke during which the ports arc covered and 
the fuel is delivered to the nozzle. 

2. The fuel is admitted into the pump barrel 
through ports in the barrel which arc controlled by a 
separate valve. 

Plunger-controlled pumps. The principle of this type 
of pump can be better understood by referring to 
Fig. 9-6. At the bottom of the plunger stroke. Fig. 
9-6a, the suction and pressure release ports are both 
in communication with the inner pump space. When 
the plunger has moved a certain distance and covered 
both ports, fuel delivery begins with a jerk, and lasts 



until the lower edge of the spiral begins to uncover 
the release port, Fig. 9-6b. At that point the pres- 
sure drops and fuel delivery stops. The plunger con- 
tinues to travel a short distance to the top of its 
stroke and then begins to move downward. If the 
plunger is turned about 60**, Fig. 9-6c, the distance 
between the top edge of the plunger and the edge of 
the spiral sliding over the release port is shorter, and 
the fuel delivery stops earlier. Finally, if the plunger 
is turned 90'' more, the release port stays uncovered, 
and no fuel is delivered. 

Timing. In the operation as shown in Fig. 9-6, the 
beginning of the effective stroke always occurs at the 
same moment, but the end of the injection changes 
with the engine load. It is later with a higher load, 
greater fuel deliver)', and earlier with a lower load, 
smaller fuel delivery. The middle of the injection 
stroke is advanced with a load increase. 

This condition can be reversed by making a spiral 
edge on the top of the plunger and a square groove at 
its bottom. In this case the beginning of the injection 





Figw 9-5, Jfk pump with rotary by-pass valv; 
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(0) (b) (c) (d) (e) 

BOTTOM END OF BOTTOM END OF BOTTOM 

OF STROKE DELIVERY OF STROKE DELIVERY OF STROKE 

(MAXIMUM DELIVERY) (NORMAL DELIVERY) (ZERO DELIVERY) 

Figvrm 9-6. BarrmI with various plunger poiitionu 

will be earlier with an increase in the load and later 
with a decrease in it, while the end will be always 
constant. The middle of the injection will be re- 
tarded with an increase of the load, a condition, which 
however, is not desirable. By making both edges 
spiral, inclined in opposite directions, the middle of 
the injection stroke can be kept constant for all loads. 

Naturally, the compressibility of the fuel and the 
mechanical flexibility in the pump mechanism will 
retard the actual start of injection into the cylinder, 
producing an injection lag, which was described in 
Sec. 6-5. 

Valve-control leJ pumps. Fig. 9-5 niay serve to ex- 
plain the principle of such a pump. The pump plunger 
has a constant stroke and is a plain cylinder. The 
fuel delivery is controlled by the rotary valve with a 
wedge-shaped end. U hen the plunger, travelling to 
the left, approaches its middle position, the rotary 
valve closes the admission port, having moved the 
slanting fuel-cut-in edge across it. When, due to 
rotation of the valve, the other slanting edge reaches 
the port, the inside of the pump comes in communica- 
tion with the low-pressure space, the pressure is re- 
leased, and fuel delivery is cut off. The rotary valve 
can be moved axially, by the governor or bv hand, 
and this changes the distance from the cut-in to the 
cut-off slanting edge and with it the duration of the 
fucl-injcction period. 

Pump drives. The plunger of plunger-controlled 
pumps is pushed by a cam with a cam follower during 
the deliver}^ stroke and returned by a spring. The 
pumps arc built cither as separate units for each en- 
gine cylinder, or as a multi-plunger, in-line unit for 
all cylinders. 

The pumps with a rotary valve arc conveniently 
built around this valve, and the axis of the individual 
cylinders, instead of being in one plane, are at equal 
distances from the axis of the driving shaft and arc 



equally spaced around it and the centrally located 
rotary valve. Instead of cams, a swash plate, also 
called a wobble plate, is used as the driving member. 
Fig. 9-7, and is keyed to the drive shaft. By the use 
of shoc-plates, containing spherically shaped sockets, 
the rotary motion of the swash plate is converted 
into a straight-line back-and-forth motion which is 
transmitted to the ball-ended tappets. Each tappet 
operates one pump plunger. The plungers and tappets 
arc returned by springs. Fig. 9-7. The drive shaft 
also turns the rotary valve which is located on the 
same axis as the shaft. The main body of the pump is 
symmetrical with the drive shaft, and it can be con- 
veniently flange-bolted to the timing-gear housing 
of the engine. 

9-7. Fuel nozzles. The nozzles arc cither of the 
open or of the closed type. The open type usually is a 
simple spray nozzle with a check valve which pre- 
vents the high-pressure gases in the engine cylinder 
from passing to the pump. It is simple, but as it does 
not give proper atomization, is not generally used. 
The closed-type nozzle is used more commonly. 
Basically, it is a hydraulically operated, spring-loaded 
needle valve. Most closed nozzles open inward under 
the pressure acting on the differential area of the 
needle valve, and are seated by a spring when the 
pressure is cut off. Fig. 9-8. The larger cylindrical 
part of the valve has a lapped fit with the nozzle 
body. There are two main tyjxs of such nozzles: the 
pintle-tyfe and the hole-type nozzle. The valve of the 
pintle nozzle. Fig. 9 9a and 9b, is provided with a 
pin or pintle protruding from the hole in the bottom 
of the nozzle in which there is a close fit. The fuel 
delivered by such a nozzle must pass through an an- 
nular or ring-shaped orifice. The spray is in the form 
of a hollow cone, whose outside angle, which may 
be any angle up to 60°, is determined by selecting 
certain dimensions. A valuable feature of the pintle 

INJECTION LIME SWASH PLATE 




THROTTLE CONTROL SHAFT 
Figw 9-7, Section of Ex-Cell-O pump. 
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Figvrm 9-8. Bosch fuml-inj^cfion noizl; 



nozzle is its sclf-clcaning property, which prevents 
carbon deposits from building up in and around the 
orifice. 

In the hole-type nozzle there may be one, Fig. 9-9c, 
or several spray orifices, Fig. 9-9d, in the form of 
straight, round holes drilled through the tip of the 
nozzle body below the valve seat. The spray from the 
single-hole nozzle is relatively dense and has a 
greater penetration. The general spray pattern of a 
multi-hole nozzle, which may or may not be sym- 
metrical, is determined by the number, size, and ar- 
rangement of the holes. Orifices used arc from 0.006 
in. and up to 0.0225 in. in diameter, and their number 
may vary from 3 up to as many as 18 nozzles for large- 
bore engines. Multi-hole nozzles are used generally 
in engines with an undivided combustion chamber. 

Fig. 9-8 shows a pintle nozzle assembled in a nozzle 
holder with the spring and connections for the fucl- 
prcssurc line and leakage drain. The pressure neces- 
sary to open the needle valve may vary from 1,500 psi. 
to about 3,000 psi. 




CLOSED PINTLE NOZZLE SINGLE MOLE MULTI-HOLE 

OPEN NOZZLE CLOSED NOZZLE-OPEW 

Piguf 9-9. Typts of closod nozzl^u 



Fig. 9-10 shows a hydraulically operated fuel 
nozzle which opens outward. It is of the pintle type, 
has an opening pressure of about 1,500 psi. to 2,000 
psi. and produces a cone-shaped spray. The advan- 
tages of this type of nozzle are its compactness and 
light weight. These factors make it particularly 
suitable for small-bore high-rpm. engmes. 

9-8. Unit injector. The unit injector combines 
a pump and a fuel-spray nozzle in one unit, as 
shown in Fig. 9-11. The pump is of the jerk type 
with ports controlled by helical-grooved edges in the 
plunger. The amount of fuel is controlled by turning 
the plunger. The nozzle is of the open type with a 
spherical check valve. The spray tip has several 
small-diameter orifices. However, there arc also unit 
injectors in existence which have closed-type nozzles 
with hydraulically operated differential needle valves 
and multi-hole nozzle tips. 

The pump plunger receives its downward motion, 
the delivery stroke, from a fuel cam through a rocker 
arm which acts on the plunger follower. The plunger 




Figuf 9-70. S»cffon through Ex-Cmll-O noxxU tip. 



is returned by the plunger spring. The fuel, under a 
pressure of about 35 psi., is admitted through a small 
filter. Fig. 9-11, and fills the annular supply chamber 
around the pump plunger barrel, called a bushing. As 
the plunger moves downward, fuel is displaced into 
the supply chamber, at first through the lower port, 
and later, when the lower edge of the plunger closes 
this port, through a central and a transverse part or 
crosswise drilled holes in the plunger and the upper 
port. When the upper helical edge has covered the 
upper port, the fuel from the pump plunger barrel is 
forced down into the nozzle body, opening the 
spherical check valve, past the flat check valve, and 
into the spray tip. From there it is forced through 
the orifices into the cylinder. The fuel-injection pres- 
sure is raised approximately to 20,000 psi. as the fuel 
passes through the nozzle. Injection continues until 
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the lower helix on the plunger uncovers the lower 
port in the plunger barrel. The fuel then begins to 
by-pass through the holes in the plunger and through 
the lower port into the supply chamber. This releases 
the pressure on the fuel in the plunger barrel, and the 
check valve spring causes the spherical check valve to 
scat. On the return stroke, the upward movement of 
the plunger fills the plunger barrel with fuel oil which 
tlows from the supply chamber through the lower 
port. The function of the flat check valine is only to 
close the inside of the no2zlc against gases from the 
cylinder. 

Turning of the plunger in order to change the 
effective length of the stroke is accomplished by a 
f^ear and rack connected to the governor or hand 
throttle. The middle part of the plunger has a hex- 
agonal cross section which slides through a corre- 
sponding hole in the gear, thus forcing the plunger 
to turn with the gear. The effective stroke is deter- 
mined by the relative positions of the helices and the 
upper and lower ports. 

The advantage of the unit-injector construction is 
in the absence of long fuel lines which cause pressure 
waves and sometimes mechanical troubles. However, 
one disadvantage lies in the high pressures created. 
Such pressures result in faster wear of the spray 
orifices and the necessity of dismantling a consider- 
able part of the valve gear in order to take out one 
unit injector. Another disadvantage is the greater 
chance of fuel leaks into the engine sump, and dilution 
of the lubricating oil. 

9-9. Distributor system. Of the several distributor 
systems used in different makes of engines, the only 
ooc in use at present in United States Navy engines 
is the Cummins system. Although essentially a dis- 



Figur9 9-1/. Unit injector with spherical check valve. 

tributor system, it has the characteristic features of a 
unit injector and is sometimes classified as such. In 
this system, fuel under 130 psi. to 150 psi. pressure is 
supplied by a gear transfer pump, as shown in the 
schematic drawing. Fig. 9 12, through an indexed 
rotating distributor to a metering plunger durmg its 
downward stroke. This plunger has a variable stroke, 
controlled by the governor, and receives its upward 
motion from a multi-lobe cam and the downward 
motion spring. During the upward stroke, this 
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Figuf ^13, Cummins injector, cross Mcf/on. 



plunger sends the fuel through other passages in the 
same distributor to the individual injectors on each 
engine cyhnder. The fuel enters at the top of the 
injector, Fig. 9-13, flows through an inlet passage 
past a spring-loaded check valve, and fills the chamber 
under the injector plunger which, except at the end 
of injection, is off its scat. The injector plunger is 
operated by a cam through a rocker lever and link. As 
the fuel IS delivered from thedistributor to the injector 
during rhc suction stroke of the engine, the injector 
plunger is gradually lifted and the fuel fills the space 
in the cup under the plunger At the time of injection 
the plunger Is pushed downward and the fuel pre- 
vented by the check valve from returning co the dis- 
tributor, is injected into the cumbuscion space. Ic is 



finely atomized by being forced under a relatively 
high pressure through six small holes, 0.006 to 0.008 
in. in diameter, depending upon the size of the engine. 

The advantage of this system is the absence of high- 
pressure lines and pressure waves. Its disadvantage 
is the relatively large inertia of moving parts, making 
ic not suitable for very high speeds. Another disad- 
vantage, more or less eliminated in the new-type 
injector, is dilution of the lubricating oil in the engine 
crankcasc due to leaking of fuel oil past and up the 
injector plunger. 

9-10. Problems. 1. Find the volume of fuel in- 
jected at each cycle into the cylinder of a 6x4j'^x5x 
1,800 two-stroke engine which uses 70 lbs. of fuel 
per hour. Am. 0.00356 cu. in. 

2. Find the diameter of a sphere whose volume is 
0.00356 cu. in. 0.1895 in. 

3. I>ctermine the duration of fuel injection in an 
engine running at 2,200 rpm., if the start of injection 
occurs at 15 5° b.t.c. and the end of the injection at 
5.5*" a.t.c. Arjs. 0.00159 sec. 

9-11. Questions. 1. What arc the main require- 
ments which a fuel-injection system must fulfill? 

2. Enumerate the main methods used with solid 
injection. 

3. Why is air injection not used with high-speed, 
small-bore diesel engines? 

4. What is meant by the term atomization? 

5. Why is the common-rail system not suitable for 
small-bore, high-speed, diesel engines? 

6. What are the main parts in a pump-injection 
system? 

7. What fuel-injection pumps are called jerk pumps? 

8. What methods are used in jerk pumps to control 
the metering of the fuel? 

9. What types of fuel nozzles are used with jerk 
pumps? 

10. What is meant by a unit injector? 

11. What is the main feature of a distributor 
system? 
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CHAPTER 10 

BEARINGS AND BEARING LUBRICATION 



10-1. General. Bearings are important parts in 
any machine. Proper understanding of the principles 
underlying their performance is essential to an engine 
operator who wants to maintain their satisfactory 
operation, prevent their failure and the resulting 
stoppage of the engine. The object of bearings is to 
suppx)rt rotating shafts and other moving parts, and 
to transmit loads from one engine part to another. 

In order to accomplish their main purpose, and 
operate without forced stopping and undue wear, 
bearings must fulfill two additional important func- 
tions: 

1. Reduce the friction between moving surfaces by 
separating them with a film of lubricant. 

2. Dissipate the heat produced by unavoidable fric- 
tion. 

Classification. All bearings may be divided into two 
groups: bearings for rotary motion, and bearings for 
reciprocating motion. 

Bearings for rotary motion can be subdivided, from 
the standpoint of load, into: 

1. Journal bearings in which the direction of the 
main load forms a right angle with the axis of rota- 
tion. 

2. Thrust bearings in which the load acts along the 
axis of rotation. 

From the standpoint of construction the bearings may 
be divided into bearings with a sliding contact or plain 
bearings, and bearings with a rolling contact in which 
either steel balls or steel rollers are interposed be- 
tween the working surfaces. 

10-2. Journal bearings. Bearing loads. In respect 
to the type of loading, journal bearings may be divided 
into two groups: 

1. Bearings with a steady load, such as electric 
generators, motors or centrifugal pumps. 

2. Bearings with a fluctuating load, such as main, 
crankpin, and wristpin bearings in diesel engines. 



The first group of bearings is often called poivir 
bearings to differentiate them from the second group 
called engine bearings. From the point of view of con- 
struction there is practically no difference between the 
two bearing groups, but from the point of view of 
operation there is a great difference, since the duty of 
the engine bearings is much more severe than that of 
the power bearings. 

Diesel engine bearing loads are a combination of 
two kinds of forces, gas pressures acting upon the en- 
gine piston, and forces of inertia (separate forces of 
inertia being created by reciprocating parts and by 
rotating ones). As explained in Sec. 16-3, the forces 
of inertia of reciprocating parts gradually change each 
cycle and their direction is reversed every time a pis- 
ton reaches dead center. The centrifugal forces of 
inertia created by rotating parts do not change while 
the engine speed remains constant, but their direction 
changes with the position of the crank. Depending 
on the position of the piston, inertia forces at some 
points are added to, and at other points subtracted 
from the gas-pressure load. Therefore, with a multi- 
cylinder engine there may be cases when the bearing 
loads will reach a maximum at a certain engine speed 
and decrease both at lower and higher speeds. 

Polar diagrams. A good picture of the working 
conditions of an engine bearing is obtained from a so- 
called polar diagram. Such a diagram is obtained as 
follows: first, the total bearing loads, coming from 
gas pressure, inertia forces of reciprocating parts, and 
inertia forces of rotating masses, are computed for 
every 5 or 10 crank-angle degrees over the whole 
cycle, 360*^ for a two-stroke and 720^ for a four-stroke 
engine. Next, all of these loads are drawn to a certain 
scale, so many lbs. to 1 in., starting from one point, call- 
ed the pole: each load is at the anglcwith the centerlinc 
of the cylinder as found when calculating the loads. 
Finally, the ends of these forces are connected by a 
continuous curve. A sample of such a diagram drawn 
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Figuf 10'h Connecting rod bearing loads. 



for a connecting-rod bearing is shown in Fig. 10-1. 
At the same time this diagram and the data on it 
show that for this engine the bearing loads arc high- 
est, not at the normal operating speed of the engine, 
750 rpm., but at the lower speed of 525 rpm. When an 
engine is forced to produce its rated power at reduced 
rpm., the bearing loads will always increase. 

Bearing pressure. A factor by which bearing loads 
arc measured is the ratio of the bearing load, in 
pounds, to the product of the length, and diameter of 
the bearing in inches. This factor is called bearing 
pressure and is expressed in psi., 

bearing pressure = load (length X diameter) 

(10-1) 

The actual pressure between a journal and its 
bearing varies around the circumference of the con- 
tact surfaces. The pressure determined by expression 
(10-1) is not the actual pressure but only a certain 
characteristic, helpful in dealing with bearings. 

Operating conditions. Generally speaking, power 
bearings operate under loads which produce low bear- 
ing pressures, not exceeding 150 psi. to 200 psi. The 



maximum lubricating-oil temperature seldom exceeds 
160° F, and the condition of the oil is excellent, not 
being contaminated or diluted by any foreign matter. 

Diesel engine bearings, on the other hand, operate 
under considerably less favorable conditions: (1) The 
load fluctuates, the maximum bearing pressures may 
be as high as 3,000 psi., and mean bearing pressures 
seldom run under 600 psi. and often exceed 800 psi. 
(2) The temperature of the lubricating oil is high; in 
large high-output engines it may reach 180® F and in 
smaller high-speed engines, often runs up to 200-220** 
F, in some cases it may even reach 240° F. (3) The 
oil gradually becomes contaminated with products of 
oxidation, carbon, sludge formed by water condensed 
from the products of combustion, and worn-off metal 
particles, and diluted with fuel oil leaking from the 
injection system. 

Bearing construction. Journal bearings having slid- 
ing contact arc generally made in two halves, each 
half bored concentric so that when the two are 
brought together around the journal a true circle is 
formed. In the case of small journals, as for wrist pins, 
the bearings may take the form of a bushing that is 
slipped over the end of the journal. To replace worn 
bearing surfaces, bearings usually are equipped with 
bearing shells. Large power bearings and bearings of 
low-speed, large engines have cast-iron or cast-steel, 
or sometimes bronze shells with white metal or bab- 
bitt lining and shims of various thickness inserted 
between the two faces. The shims serve to adjust the 
clearance between the journal and the bearing which 
has a tendency to increase gradually due to w^ear. 
Fig. 10-2 shows such a bearing construction used as 
a main bearing supporting a crankshaft or a generator 
shaft. A similar bearing type with babbitted shells 
and shims is used for the large end of connecting rods 
of large diesel engines. High-speed diesel engines use 
precision bearings (briefly described in Sec. 7 4), 
both for their main bearings and connecting rods, aa 
example being shown in Fig. 7-13a. 




figure 10-2. Plain journal hearing. 



64 



BEARINGS AND BEARING LUBRICATION 



RESTRiaED 



10-3. Beoringi with rolling contact. Advantages. 
Properly designed and precision-manufactured bear- 
incs with rolling contact have the following advan- 
tages over plain bearings with a sliding contact: 

1. They will maintain a comparatively accurate 
alignment over long periods of time. 

2. They can carry heavy momentary overloads 
without failure or seizure. 

3. Their power loss due to friction is small. 

4. They arc particularly adapted to variable-speed 
Operation because their coefficient of friction is prac- 
tically independent of speed. 

3. For the same reason they have a low starting 
resistance. 

6. Their lubrication is simple and requires but little 
attention. 

Due to small power loss, ball and roller bearings 
arc often called atni-friction bearings. 

Disicd'jantagcs. Both ball bearings and roller bear- 
ings require precision-made outer and inner races 
which cannot be split into halves, and therefore can 
be used only on straight shafts cither of constant 
diameter or with diameter decreasing toward the end 
of the shaft. Standard ball and roller bearings, there- 
fore, cannot be used on crankshafts with several 
cranks. Another disadvantage is that their load ca- 
pacity decreases with an increase of speed; finally, 
their cost is higher than that of plain bearings. 

hall bearings. Because extreme precision in manu- 
facturing, which is so important for their satisfactory 
operation, is easier obtained with ball bearings than 
with roller bearings, ball bearings are more widely 
used. Ball bearings support the load on a series of 





Figyrm 10'4, Roller bearing. 



hardened steel balls, and for simplicity it is some- 
times said, that all ball bearings have a point contact. 
Actually, however, because of elastic deformation, 
they perform with very small contact artas. Ball 
bearings arc built to sizes which are standard with 
every manufacturer and are hence interchangeable. A 
ball bearing consists of four main elements, Fig. 
10-3: CO ^0 ^^^'^^^ ring, or race, grooved on its outer 
surface; (2) an outer race grooved on its inner surface; 
(3) steel balls, and (4) a ball retainer or cage for spac- 
ing the balls so that they do not touch each other, 
thus reducing loss of power, wear, and noise. 

Roller bearings. Roller bearings are a development 
of ball bearings and have cylindrical, conical, or 
barrel-shaped rollers instead of balls. Many of them 
are interchangeable with standard ball bearings, i.e., 
have the same outside dimensions. Their load capac- 
ity, for the same outside dimensions, is greater than 
that of ball bearings, due to a larger contact area. 
However, they are more sensitive to misalignment. 
Fig. 10-4 shows a roller bearing with cylindrical 
rollers. Bearings with conical, often called tapered 
rollers, and correspondingly shaped races can be ad- 
justed for axial clearance, and are usually known as 
Timkcn bearings. Fig. 10-5- Roller bearings using 
relatively long rollers of small diameter, 2 to 4 mm. 
or about 5 64 to 5 32 in., are called needle bearings and 
arc used mostly as wrist-pin bearings in sonic dicscl 
engines. Needle bearings do not use cages for spacing 
their rollers. 

friction. The total friction in ball and roller bear- 
ings is made up, in addition to rolling friction, by 
sliding friction, which is due to rubbing against ball 
and roller retainers and in the bearing seals, differ- 
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cnccs in speeds of other pares, and manufacturing in- 
accuracies. 

The coefficient of friction, discussed in Sec. 10-6, of 
dccp-groovc ball bearings varies from 0.0014 to 
0.0025; self-aligning ball bearings have a somewhat 
smaller coefficient of friction. The coefficient of fric- 
tion of cylindrical roller bearings is also low, and that 
of tapered roller bearings is slightly higher. The 
coefficient of friction of needle bearings is about three 
to four times higher, due to the fact that the needles 
are used without retainers and have a tendency to 
get out of parallel. 

Lubrication. Ball and roller bearings arc lubricated 
with grease or oil. However, the main object of lubri- 
cation of this type of bearing is not reduction of fric- 
tion, but protection from corrosion. When lubricated 
with grease, they must not be filled to more than 
about two-thirds of the space available, otherwise the 
grease may develop internal friction and overheat the 
bearing, causing its failure. Both ball and roller 
bearings arc sensitive to particles of foreign matter, 
such as dust, minute metal chips, carbon, etc. Such 
particles can easily damage the working surfaces, 
acting as wedges between the balls or rollers and their 
races. In order to prevent such conditions, some bear- 
ings arc made with the inner space effectively sealed 
from the outside. Due to the absence of leakage, they 
may not require any refilling with grease during their 
entire life. 

10-4. Thrust bearings. Thrust bearings are used 
for supporting axial loads, such as are created by the 
pitch of a ship, by bevel gears, helical gears, hydraulic 
couplings, etc. Thrust bearings may be divided into 
three mam groups: 

1 . Plain step or collar bearings with sliding contact. 

2. Collar bearings with rolling contact. 

3. Collar bearings with lilting shoes to obtain per- 
fect lubrication. 




Figure 1 0-5. Timken taper roller hearing. 



Plain hearings. Comparatively small axial loads arc 
taken up by plain collars with their area normal to 
the shaft axis. These collars are a part of, or are 
fastened to the shaft and pressed against a plain- 
bearing surface, usually a part of the journal bearing. 
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Figure 10-6, Plain thrvtt bearing. 



Fig. 10-6. Lubrication must be furnished to the inside 
diameter of the collar, as the centrifugal force has a 
tendency to throw the lubricant out. The thrust 
bearing surface may be of bronze or babbitt. 

Bearings with rolling contact. Heavier axial loads 
may be supported by a shaft collar by interposing 
between the collar and the bearing surface steel balls 
or cylindrical or conical rollers in an appropriate 
retainer. Ordinary deep-groove radial ball bearings 
can support a comparatively large axial load if their 
races are properly supported against axial motion. 
Special, so-called angular-type ball bearings and 
tapered roller bearings, can support axial loads equal 
to and sometimes even slightly higher than their 
rated radial load. 

Tiltmg-shoe bearings. For heavy axial loiids, such as 
are produced by a ship propeller, the bearing collar 
is cut into several (six or more) segments, each of 
which can tilt about a certain fixed point. This action 
helps to form a lubricating oil film which, when the 
shaft rotates sufficiently fast, entirely separates the 
shaft collar surface from the segments. A more com- 
plete explanation of this action is given in Sec. 10 6. 
Such hearings often arc called Kingsbury bearings 
from the name of their inventor and original manu- 
facturer. They can support heavy loads, have a low 
coefficient of friction, and arc suitable both for 
medium and high rpm. speeds. 

10-5. Bearings for reciprocating motion. The two 

places where a reciprocating motion is encountered 
in single-acting engines arc the wrist pin and the 
piston. As explained in Sec. 10- 6, a reversal of motion 
is a great handicap to proper lubrication. 

Wrist-pin bearings usually are bronze bushings 
pressed into the piston bosses, sometimes with nar- 
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row, slightly helical, oil grooves cut through the full 
length of the bushing to help the distribution of oil. 
Similar bushings are used in the small end of the 
connecting rod of many engines. These bushings may 
be cither of the presscd-in or full-floating t>'pe. The 
maximum bearing pressures run extremely high, up 
to 6,000 psi., but such high pressures exist only during 
a small fraction of a second and therefore arc not able 
to squeeze out entirely the protective oil film. The 
mean bearing pressure is about one-sixth of the 
maximum. Needle-roller bearings are used in some 
engines, but the latest trend is back to plain bronze 
bushings using improved bronze alloys. 

Cylinders and pistons. Due to the angularity of the 
connecting rod, the gas pressure acting on the piston 
produces a side-thrust pressure between the piston 
and the cylinder; this pressure, however, is rather 
small, the maximum value usually being under 100 
psi. The lubrication of the piston and cylinder is 
more than is actually required in all medium-speed 
and high-speed engines, due to the splash action of 
the cranks and other rotating parts. As mentioned 
before, special care must be exerted to remove excess 
oil from the cylinder walls. 

Crojshead guide. In double-acting engines, the side- 
thrust is taken by the crosshcad slipper and its guide. 
The pressure usually is small, the lubrication docs not 
present any difficulties, and there is no danger of over- 
lubrication as with trunk pistons of single-acting 
engines. Fig. 7-15 shows the method of admitting 
oil under pressure in the oil grooves of the slipper, 
and also the use of babbitt lining. The crosshead 
guide is made of cast-iron. 

10-6. Principles of lubrication. Friction. Regardless 
of how smooth and true a metal surface may look 
and feel, it actually is not, but consists of high and 
low spots. When under a microscope, the cross sec- 
tion appears as shown in Fig. 10-7. When a journal 
turns in a bearing, there is always a force pressing it 
against the bearing. The high spots in both surfaces 
interlock and resist the motion of one surface relative 
to the other. When this resistance is overcome, the 
sliding of one surface over the other will be accom- 
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panied by a damaging of the softer material. This 
resistance to sliding is called friction. Under the above 
condition it will be dry jrtction. The ratio of the force 
which must be applied in the direction of motion (or 
tangentially to the surfaces), designated F/ in Fig. 
10-8, to the normal force, designated F„, acting at a 
right angle to the surfaces in contact is called the 
coefficient of friction or briefly, 

Coefllicient of friction= tangential forcc-r normal force 

(11-2) 
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Figvn 10-B. Friction cavsod by a normal fore; 

Oil film. Due to the tendency of oil to spread on a 
metal surface and to adhere to it, a thin film can be 
introduced between the surfaces of a journal and its 
bearing. The thickness of the oil film may be such 
that metal-to-metal contact is eliminated entirely. 
However, some resistance to turning the journal will 
remain even under these conditions, but it will be of a 
different nature. It will be the resistance to sliding, 
of particles of oil adhering to one metal surface in 
relation to particles of oil adhering to the other metal 
surface. Such resistance is termed fiuid frtction. The 
thickness of the oil film which will exist between 
two metal surfaces in relative motion depends upon 
several conditions, the main ones being: 

1. Bearing pressure. 

2. Viscosity of the oil. 

3. Relative speed of the moving surfaces. 

As stated in Sec. 3-7, viscosity decreases with an 
increase of the oil temperature. 

In the case of a journal and its bearing, the oil 
film thickness depends also on: 

4. Clearance or difference between the diameters of 
the bearing and journal. 

5. Shape of the bearing area, meaning the arc of 
actual bearing surface, its relative length, ratio of 
bearing length to its diameter, etc. 

An oil film which completely separates two metal 
surfaces is called a thick film. If the oil viscosity de- 
creases or the bearing pressure is increased, some of 
the oil will be squeezed out and the film thickness 
will decrease until some of the high spots on both 
surfaces will come in contact, but the main load still 
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will be supported by the oil film. Such a condition 
is called imperfect lubrication giving stmi-fluid or 
thin- film friction. 

Lubrication. The object of the lubrication of moving 
parts is to interpose between the two surfaces an oil 
film of such a thickness that metal-to-metal contact 
is eliminated. Such a film is called a thick filrn, and 
the resulting lubrication is called thick film or perfect 
lubrication. If a bearing operates with perfect or thick- 
film lubrication^ there is no wear of the metal sur- 
faces, but the work of overcoming fluid friction is 
transformed into heat. The temperature of the oil 
film and of the metal surfaces will increase until the 
heat dissipated by the bearing and carried away by 
the oil, if oil circulation is used, will balance the 
heat created by friction. 

With thin-film lubrication the conditions arc simi- 
lar, but a certain gradual wear of the metal surfaces 
will take place. With dr\' friction, small particles of 
metal will be torn from both surfaces, and the heat 
generated at the points of metal separation may be 
so high as to weld particles of the bearing metal to 
the journal surface and to wipe the bearing surface. 
Ultimately this may result in seizure and destruction 
of one or both metal surfaces. 

Wedge action. Fig. 10-9 shows what occurs in a 
bearing at various speeds of the journal. The clear- 
ances are exaggerated in order to show more clearly 
the formation of the oil film. The horizontally shaded 
areas represent the clearance space filled with oil. In 
(a) the journal is at rest and the oil film has been 
squeezed out by the load. As the journal begins to 
rotate, as in (b), due to friction, the journal begins 
to climb up the wall of the bearing in a direction 
opposite to that of rotation. However, a layer of oil 
will adhere to the bearing and another layer to the 
journal surface. Consequently, oil will begin to be 
drawn into the wedgc-shajxrd clearance between the 
rubbing surfaces, at first as a thin film, creating a 
thin-film lubrication, where ihc metal surfaces come 
in contact from time to time. As the journal sj^ed 
increases, more and more oil will be drawn between 
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Figure 10-9. Oil film at variout journal sp«*</s. 
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Figurm 10-10. Oil film pfsstn^. 



the surfaces, the journal acting as a rotary pump 
which creates a certain pressure in the oil wedge. If 
the journal speed is sufficiently high, the pressure in 
the oil between the surfaces will become so high as 
to be able to support the full load acting on the jour- 
nal, the latter will begin to float, and the oil pressure 
will push it toward the other side, as shown in Fig. 
10-9c. Fig. 10-10 shows a polar diagram of the pres- 
sures in the oil film created by the pump action of the 
rotating journal. However, in this diagram the pres- 
sures are plotted, not from the center, but from the 
circumference of the bearing. At point m the pressure 
is zero, and gradually is built up to a maximum at 
point />, which is somewhere between point / of load 
action and point / of minimum oil-film thickness. 
From point p the oil pressure gradually drops to zero, 
point ^, due to leakage. If the bearing has an oil 
groove in the region of the oil-film pressure, the 
groove will interfere with the pumping action of the 
journal, and the oil-film pressures will be lower, as 
shown in Fig. 10 11. The load-carrying capacity of 
the bearing will be reduced. Thus, while oil grooves 
may help to distribute oil over the bearing length, 
they should not be located in the region supporting 
the load. In the main bearings of diesel engines, the 
direction of the load changes in each bearing and 
between bearings. For this reason, it is safer not to 
use any oil grooves. 

The oil-film pressure must not be confused with the 
oil pressure in the lubricating system. While the 
latter usually is from 50 psi. to 60 psi., the oil-film 



68 



BEARINGS AND BEARING LUBRICATION 



RESTRICTED 




Figure 10-11, Oil film pressure with an oil grocv, 

pressure, at the point of maximum pressure is consider- 
ably higher, reaching several hundred pounds, and 
under certain conditions may even exceed 1,000 psi. 

Clearance. From the above discussion it can be 
seen that a certain clearance between the journal and 
bearing which permits the formation of the wedge- 
type shape is absolutely necessary to obtain the oil- 
film pressure. However, if the clearance is too great, 
too much oil will leak out at the bearing ends, and 
the forces of adhesion of the oil to the metal surfaces 
will not extend through the whole clearance. In 
addition, the pumping action will be less effective, 
the oil-film pressure will be lower, and the load ca- 
pacity of the bearing will be reduced. The clearances 
best suited for each bearing, and the limits to which 
they may increase by wear, are given by the engine 
manufacturers in their instruction books and should 
be strictly observed in engme operation. 



kOAD 




Figvn 1(h12, Elmment of Kingsbury thrust bearing, 

Kingsbury thrust bearing. The lubrication of this 
bearing is based on the same principle: the adhesion 
of oil to metal surfaces and the tendency to build up 
pressure if oil is drawn into a wedge-shaped space. 



Fig. 10-12 shows an element of this bearing; the 
stationary part has shoes which can tilt, being sup- 
fKjrtcd on a ball-and-socket joint. The center of this 
joint is slightly nearer to the discharge edge. Oil 
drawn in by adhesion to the slider, which moves in 
the direction indicated by the arrow, due to the differ- 
ence in the supporting areas, tilts the shoe and pro- 
duces a wedge-shaped space into which the oil is 
drawn and raises the pressure as indicated by the pres- 
sure curve. The oil film pressure drops, due to leak- 
age after reaching a maximum at point p. 

Fig. 10 13 shows a cross section of an assembled 
bearing and its component parts. 

10-7. Bearing-lubrication methods. Bearings may 
be lubricated: 

1. Intermittently. 

2. Continuously, with an abundant supply of lubri- 
cant. 

3. G^ntinuously, with a limited supply of lubri- 
cant. 

Intermittent lubrication may be obtained with oil or 
grease applied by: (1) dropping oil from an oil can 
into an oil hole or into a plug or waste; [1) forcing 
grease from a grease cup or a pressure gun into a 
hollow space. 




Figure 70-73. Kingsbury thrust bearing. 
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These methods provide only imperfect lubrication 
and arc used for places where the loads arc small 
and velocities very low. 

Limited conttnuous lubrication may be obtained by: 
(1) grease cups with spring action; (2) oil reservoirs 
with a wick which carries the oil by capillarity; and 
(3) sight-feed drop oil cups. 

AH three methods arc suited to light duty only. 

Abundant lubrication alone insures perfect lubrica- 
tion and may be obtained by : 

1. Ring, chain, and collar oiling. 

2. Splash and bath lubrication. 

3. Force-feed lubrication. 

4. Pressure or flooded lubrication. 

Kin^, chain, and collar lubrication gives satisfactory 
results only at low and medium s{>eeds- At higher 
speeds the oil is thrown off by the centrifugal force. 

Splash and bath lubrication is satisfactory for light 
and medium duty, but makes no provision for main- 
taining a desired oil temperature. 

Force-feed lubrication delivers oil to desired points 
under a very small pressure, but in definite amounts 
which can be regulated by means of sight-feeds. In 
Navy diesel engines, this method is applied only for 
lubrication of the cylinders and piston rods of double- 
acting engines. 

Pressure lubrication, sometimes called flooded lubrica- 
tion is, in diesel engines, the standard method of 
lubrication of all important parts which do not get 
oil by splashing from the crankcasc. The oil is drawn 
from the crankcasc bottom, called the oil sumf, by a 
gear-type pump, pumped through a filter and oil 
cooler to the header, and then through separate lines 
to the main bearings. The header is sometimes called 
the engine oil gallery. From the main bearings most of 
the oil passes through drilled passages in the shaft 
and crank webs to the crankpin bearings. From the 
crankpin bearings the oil usually passes through the 
nfle-drilled connecting rod to the wrist-pin bearings. 
In some engines, oil from the wrist-pin bearings is 
used for cooling the piston. Separate lines from the 
header carry oil to the camshaft bearings, gears, and 
other parts requiring lubrication. 



The oil circulated through the main and crankpin 
bearings serves not only to lubricate them, to insure 
formation of the wedge-shaped oil film, but also to 
cool these bearings, by carrying away the heat into 
which the work of friction is transformed. The oil 
pressure in the header is maintained at from 30 psi. to 
50 psi., depending upon the engine type. The correct 
pressure for a particular engine is indicated in the 
instruction book. The oil-circulating pump has a 
larger delivery than is actually required, and the ex- 
cess oil is bv-passcd from the high-pressure side back 
into the sump through a spring-loaded adjustable 
pressure regulator. 

10-8. Problems. Find the pressure on a bearing 
with a 7-in. dia., 5-in. length, when the load is 19,800 
lbs. Ans, 566 psi. 

2. Determine the coefficient of friction between 
the crosshead and its guide surface in a horizontal 
engine if it takes an effort of 7 lbs. to slide the cross- 
head which weighs 152 lbs. Ans. 0.046. 

10-9. Questions. 1. Into what groups can all 
bearings be divided? 

2. What loads must be carried by diesel engine 
bearings? 

3. Enumerate the advantages of ball and roller 
bearings. 

4. What is the main object of lubricating ball 
bearings? 

5. What types of bearings arc used to take axial 

loads? 

6. What arc the main places in a diesel engine 
where bearings for reciprocating motion are used? 

7. What is the object of lubricating moving parts? 

8. What conditions influence the thickness of the 
oil film in plain bearings? 

9. What is meant by thick-film or perfect lubri- 
cation? 

10. What is the standard method of diesel engine 
lubrication? 
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CHAPTER 11 

ENGINE SYSTEMS 



11-1. Fuel tystMi. The fuel-oil system in a dicsel- 
powered naval vessel must be installed, operated, and 
maintained with the same care and supervision as the 
ship's engines. Inspections, maintenance, and opera- 
tion of fuel-oil tanks and fuel-handling equipment 
must be carried out in accordance with United States 
Navy Regulations and the manuals of the various 
Bureaus concerned. 

The fuel is pumped from the storage tank to the sup- 
ply or day tank and from there it is delivered to the 
fuel injection pumps on the engine. It is good prac- 
tice to clean the fuel of sediment and water before it 
enters the supply tank. This is usually done with a 
ctntrifugal purifiit. The fuel is transferred from the 
supply tank by means of an engine-driven pump, 
variously called booster^ transfer, or primary pump^ 
through a metal-edge strainer and a cartridge- type, 
replaceable-element filter to a header on the suction 
side of the fuel injection pumps. Excess fuel pumped 
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Fig w 11-1. Fvhoil ryifmm. 



to the fuel header and from the fuel injection pumps is 
returned to the supply tank. Any leakage fuel, often 
called drippings, from the injection pumps and nozzles, 
which may be mixed with used lubricating oil, is 
normally collected in separate containers or drip pots 
and returned to the main fuel storage tank. Fig. II-l 
shows a typical fuel-supply system. 

The centrifugal purifier , Fig. 11-1, is a machine 
similar to the separator used for separating cream from 
milk. The oil enters a revolving bowl which tends to 
throw any heavy, solid contaminants to the outside 
of the bowl, followed by an intermediate layer of 
water which is heavier than the oil but lighter than 
the solids, and finally a central core of oil. The dis- 
charge holes in the top of the bowl are so located that 
the water can be drawn off separately from the fuel 
oil. The. solid material collects around the periphery 
of the bowl and must be cleaned out periodically. 
This cleaning can be done once a day unless idleness 
of engine or exceptionally clean fuel indicates that 
more extended periods are permissible. 

The supply or day tank is usually vented to the 
atmosphere and mounted at a high point in the fuel 
system to allow all air to escape. The greatest care 
should be taken to keep all fuel lines under a pressure 
greater than atmospheric. Also, excessive foaming or 
splashing of fuel oil in the tanks should be avoided 
in order to prevent air from becoming entrained with 
the fuel, as this air interferes with proper operation 
of the injection pump. 

Small-boat installations arc often equipped with a 
fioat chamber instead of a tank, if it is impractical to 
mount an overhead tank. These chambers are equip- 
ped with air- vent valves which require careful clean- 
ing and adjustment to insure trouble-free service. 

The engine-driven fuel transfer pump is of the posi- 
tive displacement type, usually with a built-in relief 
valve to insure constant pressure to the injection 
system. The fuel strainer and filter are connected into 
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the system on the discharge side of this pump and the 
pressure drop across these filters increases with time. 
For this reason, some systems have a relief valve in 
the line before the cartridge filter, the by-passed oil 
being returned directly to the supply tank. This 
valve insures a more constant fuel supply pressure, 
and also tends to vent the suction side of the system 
of entrained air. 

The primary metal-ed^e fuel strainer used in Navy in- 
stallations is a duplex type which is equivalent to 
two complete strainers connected by suitable headers 
or piping. This arrangement allows either strainer 
to be completely cut out of the system for cleaning or 
repair while all of the oil is flowing through the other 
strainer. Fig. 11 2 shows a typical metal-edge 
strainer. A magnified view of a portion of the ele- 
ment is shown in Fig. 11-3. The oil flow is from the 
outside to the inside. In Navy approved strainers, 
the spaces between the leaves or ribbons which act as 



oil passages are between 0.001 and 0.0025 in. The 
pressure drop across these strainers must nor exceed 
1.5 psi. with an oil flow equal to the full capacity of 
the fuel-oil pump. In some engines the duplex strainer 
is placed between the fuel supply tank and the trans- 
fer pump, and in operation may be working under a 
vacuum. 

The secondary, cartridge-type, fuel-oil filter contains 
elements which arc built to standard Navy dimen- 
sions. All new engine construction must incorporate 
such filter elements. The maximum outside diameter 
is 3 in., and the over-all length is either 4 in. or 8 in. 
The elements in these filters should be discarded and 
replaced with new ones when the pressure drop across 
the filter reaches 15 psi. The sump of the filters and 
strainers should be drained as often as practicable, 
preferably when the fuel is flowing. 

11-2. Lubricating systems. One of the main prob- 
lems in the dicsel engine lubricating-oil circulation is 
the filtering of the oil. The following lubricating-oil 
filter systems are permitted in the Navy: (1) shunt, 
(2) by-pass, (3) sump system. The selection of the 
system depends upon the application. 

The shunt system commonlv used for large installa- 
tions is shown diagrammatically in Fig. 11-4. The 
oil, after lubricating various engine parts, flows by 
gravity to the engine sump. From there it is picked 
up by the oil pump and sent first through a strainer, 
then a filter, and finally a cooler. From the cooler, 
it passes back to a header, called the engine oil gallery^ 
and then is distributed by different pipes to all places 
needing lubrication, as explained in Sec. 10-7. The 
oil pump delivers a constant amount of oil per revolu- 
tion, but the resistance in the strainer and filter varies 
as they pick up the contaminants from the oil. For 




Figuf 1 7-4. Shunt system of lubrication. 
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this reason, the desired pressure is maintained auto- 
matically by by-passing, if necessary, part of the oil 
around the strainer and filter by means of the pressure 
relief valves built into the strainer and filter. The 
three-way valves are used to by-pass these elements 
when cleaning the strainer or exchanging the filter 
element. 

The metal-tdge strainer is similar in construction to 
the strainer used for fuel oil except that it has a larger 
slot opening, 0.005 in., and must pass all of the lubri- 
cating oil with a pressure drop of 5 psi. or less, when 
the oil viscosity is 170 S. S. U. 

The filter contains elements built to Navy Standard 
dimensions of 18 in. over-all length and 7-5/16 in. 
over-all diameter. Figure 11-5 shows a typical filter 
for this service". The relief valve is built into the filter 
housing and the elements may be stacked two-high. 
In this type of installation, the flow of oil through 
the filter is limited only by the pressure drop across 
the filter which is controlled by the setting of the 
relief valve. The rate of removal of abrasive matter 
with this installation is higher than with any other. 
The quantity of oil passing through the filter elc- 
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Figurm 11-6. By-pass sysfmm of filffing lubricating oil. 

ments docs not subtract from the oil flowing to the 
engine oil gallery as it does in the by-pass system. 

The by-pass filter system is normally used in small 
powerboat or land-vehicle installations. It is shown 
diagrammatically in Fig. 11-6. The arrangement is 
the same as with the shunt system except that the 
filter discharges the oil back to the engine sump or 
crankcase. In order that sufficient oil will be sup- 
plied to the engine, the amount by-passed through 
the filter must be limited. This is done on small 
filters by putting a 1/16 in. flow-restricting orifice 
in the standpipc through which the oil is discharged 
from the filter element. This orifice is show^n in Fig. 
11-7 of a typical Navy Standard small lubricating- 
oil filter. The elements have an over-all length of 8 in. 
and an over-all diameter of 4^^ in. 

The sump system of filtration. Fig. 11-8, is similar to 
the shunt system except that the filter is placed in a 
separate recirculating system with a separate pump. 
This allows maximum freedom in the operation of the 
filter. Since the auxiliary filter pump is motor-driven, 
operation of the filter is possible even when the en- 
gine is secured. The oil should always be filtered 
while hot, 140** F to 180** F, as the solid material is 
more easily removed from oil having a lower viscosity. 

Additive oils. In operating diesel engine lubricating 
systems containing heavy-duty, additive-type oil, the 
oil must be replenished at reasonable intervals, be- 
cause the additives which keep sludge deposits from 
forming, gradually are being used up. Optimum 
drain periods can best be governed by frequent oil 
analysis. The following used-oil property values have 
been recommended by the Bureau of Ships to indicate 
when the lubricating oils should be changed: 

Neutralization number 0.5 

Precipitation number .0.5 

Fuel dilution 5 0% 

To check the condition of the oil, samples of it 
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Figw 1 r-7. Small lubricating oil flHar. 



must be sent to the nearest Naval chemical laboratory. 
If equipment to determine the precipitation number 
and fuel dilution are available on board ship, the 
determination should be made follov^ring the instruc- 
tions furnished with the equipment. 

If facilities are not available for making the neces- 
sary analysis, the oil should be changed at 500-hr. 
intervals, except with small, high-speed engines 
where 100-hour oil change periods are required. Filter 
elements should be changed every time the oil is 
changed unless the oil-drain period is unusually short 
due to dilution or some other abnormal condition. 

Ctntfifuges, if used for purification of lubricating oil, 
are normally connected into the system in the same 
manner as the filter in Fig. 11-8. They should be oper- 
ated continuously when the engine is operating and as 
long thereafter as practicable, or until the oil viscos- 
ity has increased to about 200 S. S. U. due to natural 
cooling. 

Additional features. The lubricating system also 
has a line from a priming pump whereby oil can be 
circulated through the engine before starting. 

There should be a hand-controlled by-pass around 
the cooler to regulate the oil temperature at part 
loads, in order to maintain it as close to full-load 
conditions as possible. 



11-3. Cooling systems. Heat transfer in diesel en- 
gines. Heat is developed in diesel engines by the 
compression of air in the cylinders, by combustion of 
fuel in the combustion chambers, and as a result of 
friction between the rubbing surfaces. So long as 
the temperature of the engine is greater than that of 
the surroundings, there will be a tendency for the 
heat to flow from the engine. Thus, the heat devel- 
oped in the engine, which is not converted into use- 
ful work, will be dissipated by heating its surround- 
ings. 

As stated in Sec, 2-7, heat may be transferred by 
three methods: conduction, convection, and radia- 
tion. Heat transfer within the engine occurs by all 
three methods. Heat transfer from the engine, how- 
ever, occurs chiefly by convection of heat in the 
exhaust gases and in the cooling water flowing from 
the engine, and by radiation from the hot external 
engine surfaces to the cooler surfaces of the engine 
room. 

In a diesel engine, approximately one-third of the 
heat energy in the fuel is regularly converted into 
useful work, approximately 30 per cent is lost as heat 
in the exhaust gases, and another 30 per cent is lost 
as heat to the cooling water. The remainder is lost in 
overcoming friction which, being transferred into 
heat, goes partly to the cooling water and partly to 
the surroundings, being dissipated by radiation. 
These figures vary with different engine models, and 
with the load. However, they will be used in the 
problems to follow. 

The heat lost to the exhaust and by radiation de- 
pends chiefly upon the engine load and cannot be 
controlled directly. The operating temperature of 
the engine must be regulated by controlling the cool- 
ing system. 




Figw 1 Svmp sytt^m of oil filfoeing. 
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Purpose of cooling. Cooling must be provided for in- 
ternal combustion engines, mainly for the following 
reasons : 

1. To prevent breakdown due to overheating of the 
lubricating oil film separating the engine rubbing 
surfaces. 

2. To prevent loss of strength due to overheating 
of the metal in the engines. 

3. To prevent excessive stresses in or between the 
engine parts due to unequal temperatures within the 
engine. 

The cooling medium or coolant used in internal 
combustion engines is either water or air. However, 
marine dicsel engines for obvious reasons use water. 
The water used as coolant should not contain any 
impurities which might form deposits on the inside 
of the engine water passages and thus impair the heat 
transfer. For this reason, fresh water, or water which 
has beert treated to remove scale-forming impurities, 
is used almost universally as the coolant for Navy 
dicsel engines. 

^ Cooling requirements. In order to keep the tempera- 
ture of a diesel engine within practical limits, approxi- 
mately 30 per cent, as previously mentioned, of the 
heat from the fuel burned in the cylinders must be 
transferred to the cooling system. 

Example 11-1. It is required to find how much heat 
must be dissipated by a 250-hp. engine that uses 
114 6 lbs. of fuel per hour, the heat value of the 
fuel being 18.500 Btu./lb. 
The heal developed is 

114.6X18.500 = 2.120,100 Btu./hr. 
The heat to be dissipated is 30% of it, or 

2,120,100X0.30 = 636,030 Btu./hr. 
The heat dissipated per bhp. must be 

636,030^ 250 = 2,544 Btu./hp.-hr. 
or 2,544 -i-60-42.4 Btu./hp.-min. 

This heat must be transferred to the cooling water 
with a small temperature difference, usually from 
10° F to 20° F, between inlet and outlet water in 
order to maintain the temperature of the engine parts 
within the required limits. To provide the heat 
transfer necessary, the cooling water must be circu- 
lated at a rapid rate. The amount of water which 
must be circulated to absorb the heat with a given 
temperature rise may be readily determined. 

Example 11-2. Find the gallons of water it is neces- 
sary to pump per minute to cool a diesel engine 
putting out 500 bhp., burning fuel having a heat 
value of 18,500 with a spccihc fuel consumption 
of 0.458 Ib. hhp.-hr., if the temperature dif- 
ference between the inlet and outlet of the cool- 
ing water is 15** F. 



Heat developed per hour = 18,500 X0.458 X 500 
-4,236,500 Btu./hr. 

Heat lost lo cooling water, assuming as stated 
before 30 per cent. 

4.236, 500X 30 ^ 100 = 1 ,270,950 Btu. 'hr. 
or per minute^ 1.270,950-:- 60 = 21,183 Btu./min. 
But: 1 lb. of water absorbs 1 Btu. during each 
1° F rise; therefore: water required to absorb 
21,183 Btu. with a 15° F rise =21. 183^-15- 
1,412 Ib./min. Since one gallon of water 
weighs 8.33 lbs.: gallons water required per 
minute = 1.412^8. 33 = 169.5 gpm. 

In order to operate the engine with the desired 
small temperature differences, all Navy diesel engines 
use forced circulation of the coolant by means o 
pumps of various types, described in Sec. 12-3. The 
power required to operate these pumps amounts to 
1 to 2 per cent of the engine output, depending upon 
the resistance to flow of the water passages and the 
rate of circulation required. 

Cooling, Where a large source of cool water is avail- 
able, as in lakes or rivers, it may be used directly as 
a coolant. Engines in this case, use the so-called 
open cooling system in which the cooling water is 
pumped directly through the engine and discharged 
overboard. This system has also been used with sea 
water, but is not satisfactory for the best engine 
performance. When sea water is used directly in the 
cooling system, salt deposits will be formed in the 
engine water passages if the water outlet temperature 
exceeds approximately 120"^ F, which is too cool for 
efficient operation. To permit more efficient opera- 
tion, marine engines use the so-called closed cooling 
system. 

In the closed system, a supply of fresh water is cir- 
culated continuously by means of a pump through 
the engine jackets and then through a jacket-water 
cooler back to the engine in a closed circuit. Fig. 
11-9. The fresh water is cooled as it passes through 
a cooler by means of the sea water. The sea water is 
pumped by a second pump from the sea chest, flows 
over the oil tubes of the lubrica ting-oil cooler, then 




Figw 1 T-9, Closmd cooling tysfom. 
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over the outside of the fresh-water pipes or tubes in 
the cooler, and then is discharged overboard, Fig. 
11-10. 

With this system, the temperature of the cooling 
water leaving the engine may be maintained from 160 
to ISO** F which is the most favorable temperatures 
for efficient performance of a diesci engine. There is 
no danger of scale forming in the water passages in 
the engine, because only fresh or softened water is 
used in the engine itself. Salt deposits will not be 
formed in the sea-water passages because the tempera- 
ture rise through the heat exchanger may be limited 
to from 10 to 20^ so that the maximum sea-water 
temperature can be kept below 100° F. The disad- 
vantages of this system are that additional equipment 
is required; separate pumps for the fresh and sea water, 
a heat exchanger, a fresh-water supply, and additional 
piping. Also, greater work is necessary to drive two 
pumps. The gain in performance, however, more 
than offsets these disadvantages and practically all 
Navy diesci engines use the closed cooling system. 

In the latest Navy engines, the fresh water coming 
from the cooler first passes through the lubricating 
oil coolers, and after that into the pump and through 
the engine jackets, as shown in Fig. 11-11. This 
arrangement prevents corrosion of the lubricating oil 
cooling elements and eliminates the danger of sale 
water getting into the lubricating system. Fig. 11-11 
also shows a cross-connecting pipe between the fresh- 
water pipe from the engine and the suction line to 
the pump. This cross pipe has a fixed orifice inserted 
in it which admits a certain, predetermined amount of 
hot jacket-water into the suction line and thus main- 
tains a desired temperature of the water admitted to 
the engine. Fig. 11-11 shows also a temperature- 
regulating valve before the water cooler which per- 
mits part of the water to by-pass the cooler, again to 
prevent excessive cooling of the jacket water. 

In Fig. 11-12 is seen the sea-water pipe for the 
arrangement illustrated in Fig. 11-11. Both Figs. 



11-10 and 11-12 show smaller pipes leading from the 
sea-water pressure pipe to the generator and back 
into the discharge line. The water is circulated 
through the air cooler and carries away the heat pro- 
duced by the operation of the electric generator. 

Sea-water pumps may be either of the centrifugal 
or positive displacement type, since the flow through 
the water cooler is maintained constant for a given 
engine speed and no regulating valves are necessary 
in the sca-watcr circuit. Most fresh-water pumps, 
however, are of the centrifugal type which permits 
regulation of the flow without building up excessive 
pressures. 

As shown in Figs. 11-9 and 11-11, the closed fresh- 
water pipe system has an expansion iank connected to 
the inlet and outlet pipes to provide for the change 
of volume of the water in the closed system. When 
the temperature of the circulating water rises, its 
volume increases, and the excess volume is discharged 
into the expansion tank. When the temperature de- 
creases, the shrinkage of volume of the water is made 
up from the expansion tank. 

11-4. Air-intake tysfem. The combination of de- 
vices through which air is supplied to diesel engines 
is called the air-infake system. 

The purpose of the intake system is to provide the 
air required for the combustion of fuel. However, >in 




Fig\if 11-11, C/ofW coding sysfom. 




Flgvn 11-12. So9-waf9f systmm. 
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in cake system may have to perform one or several of 
the following additional functions: 

1. Scavenging the cylinders of the burned gases, in 
two-stroke engines. 

2. Supercharging, to increase the power output of 
an engine. 

3. Cleaning the intake air. 

4. Silencing of the intake noise. 

The intake system is made up of the following parts: 

1. Air cleaner. 

2. Air intake silencer. 

3. Air intake boxes or header. 

4. Intake valves or ports. 

5. Blower for supplying scavenge air in a two- 
stroke engine or for supercharging a four -stroke 
engine. 

6. Air coolers for a supercharged four-stroke engine. 
However, it should be noted that some of these 

parts may be absent in a particular engine. 

Air cltaners. An air cleaner or filter is a device used 
for removing dust particles from air to prevent injury 
of internal engine surfaces by abrasion. Screens used 
to prevent rags or other objects from entering the in- 
take system arc not considered air cleaners. The re- 
sistance to air flow through an air cleaner must be as 
small as possible in order to obtain a high volumetric 
efficiency for a four-stroke engine, as discussed in 
Sec. 6-1. This means that the air velocity through 
the cleaner must be low, and hence, large flow areas 
are required. Large flow areas in turn necessitate 
bulky filters for which the space is generally not avail- 
able in crowded ship installations. Therefore, air 
cleaners are seldom used on large engines. Small-boat 
engines arc their principal field of application. Of 
the many air filter types, the one most generally em- 
ployed in naval service consists of a pad of metallic 
gauze which is periodically wetted with oil, Fig. 
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figw 11-13, Comhinofion air c/«ofi«r and intake siimnt%r. 




Figw 11-14, Air Makm siUncmr, 



11-13. The air drawn into the engine passes through 
this pad and particles of dust adhere to the oily gauze. 
The filter element must be removed from time to time 
and cleaned to prevent clogging and resulting ob- 
struction to air flow. 

Intakt silencers. An intake silencer is a device used 
to reduce the noise of engine or blower intake. Intake 
silencers are of two general types. One type uses a 
sound-absorbing material, such as fireproofed hair 
felt placed around air passages having perforated 
walls. Fig. 11-14. Sound passes through the perfora- 
tion and is partly absorbed by the felt. Another 
type, shown in Fig. 11-13, has one or more chambers 
connected to the air passage by openings. The 
chambers block the passage of certain sound waves 
through the silencer without obstructing air flow. 
Intake silencers of this kind are sometimes referred to 
as acoustic filters. Air cleaners and intake silencers are 
often built as one unit, as shown in Fig. 11-13. 

Intake headers and piping. In order not to reduce 
the volumetric efficiency of four-stroke engines, the 
intake headers and piping should offset the least pos- 
sible resistance to air flow. Sharp turns and small 
flow areas must be avoided. In two-stroke engines, 
restrictions in the air piping decrease the amount 
of scavenge air and maximum power output. Fig. 
11-15 shows the intake receiver surrounding the cyl- 
inder of a two-stroke engine with a Roots blower. 

Intake valves and ports. The importance of proper 
timing is discussed in Sec. 6-5. 

Blowers and scavenging. Most modern two-stroke 
diesel engines use Roots-type rotary positivc-displacc- 
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nicnt blowers for supplying scavenge air. The blowers 
arc described in Sec. 12-1. One method of placing 
the blower is shown in Fig. 11-15. Very few engines 
use centrifugal blowers driven by gears from the 
crankshaft. The pressure developed in a centrifugal 
blower is proportional to the square of the rpm. of 
the blower. Due to this characteristic, the pressure 
drops off rapidly when the speed is lowered. When 
a centrifugal blower is driven by the engine itself 
through gears, there is a minimum engine speed 
below which the blower fails to develop sufficient 
pressure to deliver air into the cylinder. This, obvi- 
ously, causes the engine to stop and explains why 
centrifugal blowers are not used generally for scav- 
enging two-stroke engines. 

Positive-displacement blowers have an important 
advantage over centrifugal blowers, in that the 
amount of air delivered per revolution changes com- 
paratively little with speed and discharge pressure. 
This enables the engine to maintain a high mean 
effective pressure and torque at low speeds. 

Supmhar^hj^. In two-stroke engines the same 
blowers are used for supercharging as for scavenging. 
However, for supercharging they must deliver more 
air which means high scavenge pressures. 

Four-stroke engines are supercharged either by 
positive-displacement rotary blowers or by centrifu- 
gal blowers. The positive displacement blowers arc 




Piguf 11-15. Air mtak9 sysfem through bloww. 



of the same type as used for scavenging two-stroke 
engines and are driven in a similar way from the 
crankshaft, cither by gears, chains, or belts. The 
centrifugal blowers are driven by turbines operated 
by exhaust gases coming from the engine which the 
blower serves. 

11-5. Exhaust system. The combination of de- 
vices through which exhaust gases leave a diesci 
engine is called the exhaust system. 

The primary purpose of the exhaust system is to 
conduct exhaust gases from the engine cylinders to 
the atmosphere with a minimlim of flow resistance. 
Exhaust systems usually also perform one or several 
of the following functions: 

1. Muffle exhaust noise. 

2. Quench sparks. 

3. Remove sparks and other solid material from 
exhaust gases. 

4. Furnish energy to turbine-driven superchargers. 

5. Furnish heat to evaporators for making fresh 
water, or for heating purposes. 

Ordinary exhaust systems usually consist of the 
following parts arranged in the order mentioned: 

1. Exhaust valves or ports; 

2. Exhaust manifold; 

3. Exhaust pipe; 

4. Muffler; 

5. Tailpipe. 

Special exhaust systems in naval installations may 
have one or several of the following additional parts: 

1. Spark arrester; 

2. Turbo-supercharger; 

3. Exhaust heat evaporator or heater. 

Exhaust ports and valves. The various arrangements 
of exhaust ports and valves used on two- and four- 
stroke cycle engines are discussed in Sees. 5-5 and 8-5- 

Exhaust manifold. Exhaust manifolds arc used on 
multi-cylinder engines to collect the exhaust gases 
from the several cylinders. A manifold is a gas re- 
ceiver to which each cylinder is connected (sec Fig. 
11-17). Exhaust manifolds are generally cooled by 
water flowing through a water-jacket surrounding the 
manifold. 

Exhaust pipe. The exhaust pipe connects the ex- 
haust manifold to the muffler. In order to reduce 
transmission of the engine vibrations, avoid stresses 
set up by expansion of the hot pipe, and simplify 
installation of the muffler, the exhaust pipe, or at 
least part of it is made of flexible piping, Fig. 11-17. 
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Tail-pipe, The tail-pipe is connected to the muffler 
outlet and discharges the exhaust gases to the ac« 
mosphere. 

Mufflers. Mufflers arc devices used for quieting ex- 
haust noise. There are two types of mufflers used with 
Navy engines, the dry and the wet types. In the wet- 
type mufflers, water is mixed with the exhaust gases. 
Wetting the exhaust gases serves to quench sparks, 
contributes to silencing, and cools the exhaust, there- 
by eliminating the need for insulation. The disad- 
vantages of wet-type mufflers are that they usually 
offer a higher back pressure and shorter service life, 
due to corrosion, than dry-type mufflers. By proper 
design and materials these disadvantages can be 
reduced. 

There arc many different mufflers in use, both wet 
and dry, and no design is accepted yet as standard in 
the Navy. Fig. 11-16 shows a dry-type muffler. 
Fig. 11-17 shows a wet-type muffler in which addi- 
tional water is admitted to the tail-pipe and all the 
water is drained through it. In some wet mufflers, 
separate water drains are provided. However, dry 
mufflers must also have plugs in suitable places to 
drain water, in case it is condensed out of the exhaust 
gases which may contain up to 10 per cent of steam 
formed from combustion of hydrogen in the fuel oil. 

Silencing. Sound is a vibration produced by the re- 
lease of high-pressure gases from the engine cylinders 
at each exhaust event. The higher the frequency of 



vibration, the higher is the sound, and the more 
noticeable to the car. When this high and frequent 
vibration is suppressed, noise is reduced. The high 
velocity of the escaping gases has little to do with 
the noise. The silencing effect in modem mufflers is 
obtained by trapping the high-frequency vibrations 
without interfering with the free flow of exhaust 
gases. This can be produced by properly proportion- 
ing muffler chambers and internal passages. 

Some wet-type exhaust systems used on small boats 
consist only of an exhaust pipe into which water is 
admitted. 

Spark arresters. Spark arresters are devices used in 
dry-type exhaust systems for separating and trapping 
sparks and other solid material in the exhaust gases. 
The separation is obtained through an abrupt change 
of the direction of flow of the gases. Most spark 
arresters include also some device for inducing a 
whirling motion of the exhaust gases, such as the 
spiral vanes shown in Fig. 11-18. The centrifugal 
force developed by the whirling action throws solid 
particles toward the inside wall of the cylindrical 
casing. From there they slide down and fall into a 

Farts shcum on Figurt 11-17. 
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Figw 11-18. Spark arf%f%r, 

conical collecting chamber from which they arc re- 
moved periodically. The exhaust gases are generally 
admitted off center, but are carried out through a 
central passage. Spark arresters are often included as 
a part of the dry muffler. 

Exhaust-heated evaporators. Exhaust-heated evapo- 
rators arc devices which use the heat of the exhaust 
gases for evaporating sea water. The resulting steam 
or vapor is then condensed, and since ^alt is not 
evaporated, the condensate is fresh water. Thus, an 
evaporator is the same as a still. A typical evaporator 
is shown diagrammatically in Fig. 11-19. Such 
evaporators are used principally on some older sub- 
marines and surface craft. Due to operating difficul- 
ties, exhaust-heated evaporators have been largely 
supplanted by electrically heated units. 

11-^. Problems. 1. Assuming that 30 per cent of 
the heat developed by combustion of the fuel in a 
425-bhp. engine is transmitted to the cooling water. 
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Figvrw 11^19, Exhavst-sas h^ot^d •voporofor, 

find the heat transmitted p>er min. if the engine uses 
0.395 lb. hp.-hr. of fuel having a heat value of 18,000 
Btu./lb. Ans. 15,600 Btu. /min. 

2. E>ctermine the amount of fresh water which must 
be circulated per min. to carry away the heat from the 
engine of problem 1 if the water temperatures are 
158** F at the inlet and 170° F at the outlet. Ans, 
156 gal. /min. 

3. Determine the temperature of the sea water leav- 
ing the heat exchanger, through which the fresh 
water is circulated in problem 2, if the temperature in 
the sea is 81® F and the capacity of the sea-water cir- 
culating pump is 100 gal. /min. Ans. 99.T F. 

11-7. Questions. 1. What type of strainers and 
filters are used in the fuel-oil system? 

2. What lubricating-oil filter systems arc used in 
the Navy? 

3. What is the purpose of cooling diesel engines? 

4. What arc the advantages of the closed cooling 
system? 

5. What parts may be present in a diesel air-intake 
system? 

6. What are the possible functions of the exhaust 
system? 

7. In what type of mufflers are spark arresters used? 
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AUXILIARIES 



12-1. Definition. Auxiliaries include equipracot 
which, generally sj^aking, is not part of a dicsel en- 
gine itself. In most cases, it is not made by the 
engine builder, but by a manufacturer specializing in 
this type of equipment. Frequently the items of 
auxiliary equipment are also used in other than 
dicsel-engine installations. The auxiliary equipment 
discussed in the present chapter includes: (1) blowers, 
(2) pumps, (3) heat exchangers, and (4) piping. 

12-2. BlowM. As stated in Sec. 11-4, blowers 
used with dicsel engmcs are cither of the engine-driven 
positive-displacement rotary type, or of the centrif- 
ugal type, usually driven by an exhausr-gas turbine. 

Positive-displacemettt blowers. The Koots blower con- 
sists of an oblong housing with flat-end plates, inside 
which rotate in opposite directions, two accurately 
machined rotors^ also called ihjpellers. These impellers, 
mounted on two parallel shafts, have extending parts 
called lobes, the impellers of Fig. 12-1 having three 
lobes. One of the impellers is driven from the engine 
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Figuf 12-1. Ro9ts-fYP9 blow9f. 



crankshaft through a train of gears or a silent chain; 
the other one is driven by a pair of spur gears, called 
timing gears ^ from the first impeller shaft. These gears 
synchronize the rotation of the impellers, that is give 
them their correct relative positions at all times, and 
thus prevent them from touching one another. All 
clearances — namely: (1) between the end cover or 
plates of the housing and the ends of the impellers, 
(2) between the cylindrical walls of the housing and 
the tips of the lobes, and (3) between the surfaces of 
the impellers— are made very small in order to pre- 
vent an appreciable air leakage from the discharge 
side to the intake side. The impellers rotate as shown 
in Fig. 12 1. The entering air is trapped in the 
space enclosed by the curved side of an impeller, and 
the side and end covers of the housing. As the im- 
peller rotates further, the space containing the 
trapped air is opened to the air receiver or manifold. 
The resistance to the air flow between the receiver 
and engine cylinder raises the pressure in the receiver, 
and the air from it, flowing back into the blower, 
compresses the incoming air. 

Blowers of the Roots type difl^cr in their construe* 
tion. Some have impellers with two, some with three 
lobes; also some have the lobe surfaces cylindrical^ 
others helical, also called spiral. The object of using 
three lobes and helical surfaces is to obtain a more 
even, less pulsating air delivery, and thus to decrease 
the noise of the blower, which becomes particularly 
objectionable at higher speeds. Helical surfaces also 
give a whirling motion to the air as it leaves the 
blower which aids in creating turbulence in the com- 
bustion chamber. Fig. 12-1 shows a three-lobe blower 
with helical surfaces. 

Whitfield blower. Another positive-displacement 
rotary blower, of the Whitfield type, is shown in 
Fig. 12-2. It consists of two rotors connected by tim- 
ing gears. One of the rotors has four spiral lobes, 
the other resembles a two-lobe, helical Roots-blower 
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Figvf 12-2. lmp*Umn of a Whiff iM air blowr. 



rotor, and turns at twice the speed of the first rotor. 
They rotate in a housing similar to a Roots housing, 
but the intake and discharge openings are in the end 
plates. With the rotation as indicated on Fig. 12-2, 
the intake opening is in the left plate, the discharge 
in the right plate. The four-lobe rotor traps the air 
and moves it from the intake toward the discharge. 
The two-lobe rotor turning in the opposite direction, 
gradually reduces the space in which the air is con- 
fined, and thus compresses it before it is discharged. 
The efficiency of this relatively new-type blower is 
claimed to be higher than that of the Roots type, and 
with the four intakes per revolution, it gives a more 
even flow of air, and should be less noisy. At present 
this blower is used only on one Navy double-acting 
engine type, the H.O.R., but its advantages may 
induce engine builders to employ it in other engines, 
too. 

Exhaust' Jri ten centrifugal blowers. A centrifugal 
blower. Fig. 12 3, consists of a rotor or impeller, 
which has blades or vanes around its circumference 
and is similar to the impeller of a centrifugal pump, 
and a case or scroll which contains fixed vanes to guide 
the flow of air. The air is sucked in axially from the 
left, as shown in Fig. 12 3. The pumping action re- 
sults from the centrifugal force which throws the air 
outward into the scroll and increases the air pressure. 
The impeller is driven by a gas turbine. The impeller 
and the turbine disk are secured to a common shaft. 



The exhaust gases are admitted axially from the right, 
pass between guide vanes, and then through channels 
formed by the vanes of the turbine disk. In doing so, 
they give up part of their kinetic energy. A turbo- 
blower is mechanically independent of the engine 
which it serves. Its only connection to the engine 
is the exhaust pipe to the turbine, and the air pipe 
from the blower to the intake system of the engine. 
Since the temperature of the exhaust gases entering 
the turbine at full load usually is 700 to 800° F and 
in some engines is even up to 1,100 ° F, turbine parts 
must be heat-resisting, and a proper allowance must 
be made for their expansion. Parts of the housing 
have water jackets for cooling and the water should be 
circulated, if possible, before the engine is started 
and after it is secured. The speed of the turbo-blowers 
varies from about 8,500 rpm. to 10,000 rpm. for larger 
engines, and up to 16,000 rpm. to 20,000 rpm. for 
smaller engines. Turbo-blowers are used only for 
supercharging four-stroke engines. 

1S-3. Pumps. A diesel engine installation uses a 
large number of pumps of various sizes and types to 
deliver (1) fuel oil to the injection system and to circu- 
late (2) lubricating oil, (3) fresh water for engine 
cooling, and (4) sea water through various heat 
exchangers. 

Fuel pumps. The fuel-transfer or booster pump is 
attached to and driven by the engine. In the larger 




Figure 7 2-3. Exhaust turbine driving c%ntrifvgal blowr. 
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Figuf 72-4. Rotary pump with sliding vonts. 



engines this pump is of the posit ivc-dispUccmcnt 
rotary type whose rotors are straight spar gears keyed 
to the drive and the driven shafts. Its action is iden- 
tical with that of a Roots blower. 

The gears, shafts, and end places arc made of ni- 
trided alloy steel with hardened surfaces. The pump 
housing is made of nickel-chromium cast iron. The 
shafts run in bronze bushings pressed into the end 
plates. Some engines use positive displacement rotary 
pumps with an eccentric rotor and two vanes sliding 
in it, as shown in Fig. 12-4. 

Wif/j direct rcvfrsible (n^ines^ the direction of rotation of 
direct-connected rotary pumps is also reversed. The flow 
of oil is maintained in the required direction by spe- 
cial check valves which automatically Connect the 
suction and discharge sides of the pump with the 
corresponding oil lines. 

Some fuel-injection pumps, mostly those used on 
smaller engines, have a booster pump with a recipro- 
cating plunger built as part of the injection pump. 
In other inicction pumps, like the Bosch )crk pump, 
the fuel booster pump is a separate unit with a recipro- 
cating piston, but is bolted to the side of the injection- 
pump housing and is operated by a cam on the cam- 
shaft of the injection pump, Fig. 12 5- The motion 
is transferred to the pump piston 4 through a roller 6 
and rapper 1. The plunger and tapper arc returned by 
two coil springs; 9 is the suction and 10 the discharge 
valves. 

Ijihricating'oil pumps. These pumps arc always of 
the pt^sitivc-displaccmcnt rotary type. Fig. 12-6. 
Their rotors arc sometimes a pair of spur gears, but 
more often a pair of helical or herringbone gears. 
The gears arc made of hi^h-gradc alloy steel and the 
pump body is made of allov cast iron. The pumps 
arc generally driven at 1,100 rpm. to 1,300 rpm. and 
have a capacity ranging from 6 to 100 gal. per min., 



depending upon the size of the engine. When using 
a gear pump for pumping lubricating oil, care must be 
taken to prevent the pump from becoming air bound. 
Due to a comparatively high viscosity of the oil it is 
difficult to clear the pump of air once it is air bound. 
Large engines and double-acting engines receive spe- 
cial treatment in the lubrication of the pistons and 
cylinder walls. Plungcr-typc pumps arc used to de- 
liver oil to these surfaces. These pumps arc independ- 
ent of the lubrication system proper. 

Water pumps. Most modern dicsel engines use cen- 
trifugal pumps for circulating both the fresh and sea 
water. The usual pump consists of an impeller with 
vanes curved in the direction opposite to that of 
rotation, and a spiral housing or scroll with the cross 
section increasing toward the outlet, Fig. 12-6. The 
water inlet is at the center, axial, the outlet is tangen- 
tial. The pressure is due to the centrifugal force, 
which during the rotation of the impeller, throws the 
water toward the tip ends of the vanes. The flow of 
the water through the housing and into the pump 
discharge is also assisted by the tangential velocity 
which is imparted to the water. The pumps operate 
at speeds from about 1,400 rpm. to 3,500 rpm., de- 
pending on the size and design. 

Water pumps used on dircct-rcvcrsiblc engines 
usually have straight radial vanes and a concentric 
housing. Fig. 12-7 The eHicicncy of a pump so con- 
structed is lowered by the radial shape of the vanes, 
and in order to obtain the necessary pressure and 
capacity, the pump speed must be somewhat higher 
than in an ordinary centrifugal pump. Some direct- 




TCP VIEW SECTION 
Figuf 19-5. Rmciprocafing fu^l tramff pump. 
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reversible engines have a unidirectional pump drive, 
i.e., the pump is connected to the engine by means 
of a special reverse gear, whose driving shaft, con- 
nected to the pump shaft, is made to turn in the same 
direction regardless of the direction of rotation of the 
drive shaft which is connected to the engine. 

Water pumps are driven from the engine crankshaft 
by gears or chains. 

For sea water circulation, small high-speed and 
some medium-size engines use positive-displacement 
gear-type pumps. The advantage of this type of 
pump is a more or less constant delivery per revolu- 
tion, irrespective of speed. 

As mentioned in Sec. 11-4, the pressure of a cen- 
trifugal blower or pump increases as the square of 
the rpm., and the delivery increases as the cube of 
the rpm. This means, that for variable-speed engines, 
the discharge of water-circulating pumps drops 
rapidly with a lowering of the engine speed. Fortu- 
nately, in Navy variable-speed engines the load 
comes from turning the propeller, and the power ab- 
sorbed by the propeller itself drops as the cube of the 
rpm., so that the cooling requirements thus remain 
more or less in agreement with the pump performance. 

In order to prevent corrosion, the impellers and 
bodies of the water pumps are made of bronze or gun 
metal, and the shaft of monel metal. 

12-4. Heat exchangers. A heat exchanger is a 
device through which two fluids, and sometimes air 
are passed, separated by a metal wall and having 
difl^erent temperatures. The hotter fluid gives up heat 
to the colder one so that the tcmj-^eratures of the fluids, 
when they are leaving the apparatus, approach one 
another. Depending upon its purpose, a heat ex- 
changer may be called a cooler or a heater. In Navy 
diesel engines, heat exchangers are used principally as 
coolers, to cool lubricating oil, fresh water, and some- 
times air. However, in some cases they are used as 
heaters, to heat water by hot exhaust gases. 

Construction. Three basic cooler construction types 




Figvf 12-7, CmnMfygai wotmr pymp. 
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Figvf 1 2-8. C9ntTifugal pump for rotation In mithmr difction, 

are in use with Navy diesel engines. The majority 
are of the so-called radiator type with flat tube-like 
elements; some smaller engines use the so-called plate- 
type construction for cooling lubricating oil only; 
some larger engines use regular shell-and-tuhe coolers. 

Kadiator-type coolers. The Harrison radiator is made 
up of a tube bundle, or core^ and an enclosing case 
which is divided into three pieces, a center and two 
end covers, as shown in Fig. 12-9. The tubes have 
oblong sections, about 1-1/16 in. by 3/16 in., while 
the ends are brazed into tube sheets which are parts 
of the admission and discharge headers. The cooled 
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Figurm 72-9. Harrison radiator . 

medium, water or oil, enters one header, passes 
through the tubes to the other header and from it out 
to the engine. The cooling medium, usually sea 
water, enters the housing on one side and leaves at 
the opposite side. The flat tubes arc reinforced by 
rows of round cross rubes brazed into the flat sides. 
These cross rubes or struts also increase materially 
both the inside and outside contact areas with the 
fluids. Fig. 12-9 shows a lubricating oil cooler with 
two rows of nine tubes each, and Fig. 12 10 a fresh 
water cooler with four rows of 11 tubes each. In 
Fig. 12-10 the tube clement assembly and one section 
arc shown. 

When used in a lubricating-oil cooler, the tubes arc 
sometimes made without the cross tubes but with in- 
side baflles which create turbulences in the oil flow, 
and thus increase the heat transfer from the oil to 
the water on the outside. 

Plate-type cooler. A plate-type cooler consists of 
hollow plates, 3 in. by 4 in. or 3 in. by 6 in., with 
the flat side about 3/16-in. apart, and with inside 
baffles which reinforce the flat sides and give better 
heat transfer. The oil is admitted through a large 
hole at one end of the hollow plate and expelled 
through a hole at the other end; the cooling water 
passes along the Hat sides. Several plates placed side 
by side provide a parallel passage for the oil. The 
size and number of plates used depend upon the 
amount of oil to be circulated. In Fig. 12 11 the cle- 
ment and one plate section are illustrated. 

Shell-and'tube-cooler. A typical cooler is shown in 
Fig. 12-12. The oil or fresh water to be cooled enters 
one header, passes through the tubes and leaves from 
the other header; the cooling sea water is admitted to 
the shell at one end, passes in a zigzag course directed 
by the baflle plates, and leaves the shell at the oppo- 
site end. When cooling fresh water, it sometimes is 
passed through the shell, and the sea water is passed 
through the tubes. 

Zinc electrodes. Marine cooling systems must be 
provided with zinc electrodes mounted in the sea- 



water inlet to control electrolysis, which occurs in 
the cooling system from stray electric currents in the 
sea-water line. The purpose of the zinc is to provide 
a terminal which will ground the stray current, and 
thus concentrate any electrolytic action by corroding 
the zinc rather than the other parts of the cooling 
system. The zinc electrodes normally will be cor- 
roded rather fast; they must be inspected at regular 
intervals and exchanged before they become too 
small, normally every three to six months. In the 
radiator-type heat exchangers, the zinc is inserted in 
the form of bolts, called zinc pcncds^ projecting in- 
side. In shcll-and-tubc heat exchangers, the zinc 
pieces are plates fastened inside the shell, if sea water 
is circulated through the shell; if sea water is circu- 
lated through the tubes, zinc pieces are fastened in- 
side the header. 

Pressures. During the operation of the coolers the 
pressure of the cooling water should always be less 
than that of the oil, to prevent leakage of the water 
into the oil system should the cooler develop any 
leaks. For the same reason, in water coolers the sea- 
water pressure should be kept lower than the fresh- 
water pressure. With some engines, however, this 
requirement is not fulfilled. 

1S-5. Piping. Resistance. Even' pipe presents a 
certain resistance to the flow of the fluid which it 




F/gvre 12-10. Strut tub^ Ifat •xchanger. 
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Ffguf 12-11. Plaf9 asfmbly of lubricating oil eoolor. 

handles. The resistance of flow increases approxi- 
mately as the square of the velocity of the fluid. 
Since the velocity is inversely proportional to the 
cross-section area, any reduction in area or size of the 
pipe will increase the flow resistance and hence de- 
crease the flow nite. The resistance also increases 
with the length of the pipe and with every elbow and 
valve through which the fluid must pass. Different 
valve types present different resistances, the resistance 
of an ordinary globe valve, for example, being higher 
than of a gate valve. The resistance in a pipe can be 
observed by a drop of pressure in the pipe in the direc- 
tion of the flow. In renewing a pipe line, care must 
be taken not to increase the resistance by making 
some changes in the original layout. 

Flexible piping. Pieces of flexible piping or of rubber 
hose are sometimes inserted in lubricating-oil and 
soft-water pipe lines to reduce the transmission of 
engine vibrations, or to prevent breaking of pipe lines 
when the engine is installed on flexible vibration- 
isolating cushions, while tanks or heat exchangers 
are fastened to a solid foundation. 

Kelitf valves. In many places a certain pressure in 
the pipe line must be maintained cither for the sake 
of keeping up a definite rate of flow, or for the pro- 
tection either of some picte of equipment or of the 
pipe itself. In order to make sure that the pressure 
will not exceed a certain desired amount, pressure- 
relief valves are installed as mentioned in other 
chapters. 



A typical pressure-relief valve is shown in Fig. 
12- 13. The spring is adjusted by means of an adjusting 
scrcu to push the valve or disk with a certain pressure 
down on its scat. When the pressure under the disk 
exceeds a predetermined value, the disk is lifted, com- 
pressing the spring slightly and a certain amount of 
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the liquid is discharged into the bonnet and from there 
into a low-pressure line. This discharge lowers the 
pressure under the disk, and therefore the spring 
pushes it down, until the pressure rises again. The 
regulating, ring reduces the discharge area and makes 
the discharge slower, preventing a sudden large dis- 
charge, and thus helping to maintain a more uniform 
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Figuf 12-14. Ofck voW 

pressure in the pipe line. The regulating ring is otdy 
a refinement and many relief valves do not have it. 

A c/j(ck valve insures that the flow in a pipe is main- 
tained in a certain direction. As already stated, 
whenever a liquid moves in a pipe, the pressure behind 
a certain point is always smaller than before it, the dif- 
ference of pressures being the force which pushes the 
liquid. This pressure difference lifts a check valve, 
Fig. 12-13> against the force of gravity and the spring, 
and keeps it of5en. If the flow stops, the pressure be- 
fore the check valve drops, and the weight of the 
disk, assisted by the spring, will close the valve and 
prevent the liquid from flowing in the opposite direc- 
tion. Check valves arc made to be installed in a hori- 
7ontal or vertical pipe, or arc to be used instead of an 
elbow fitting as shown on Fig. 12-14. This last one 
is called an angle check valve. 

Temperature regulators. In order to maintain approxi- 
mately constant temperature in the engine under vari- 
ous load conditions, Navy diesel engines have auto- 
matic temperature regulators. These regulators are 
automatic valves which are operated by thermostatic 
elements set to open or close at the temperature desired. 
A thermostatic clement consists of a corrugated brass 
or monel metal pipe with deep corrugations called 
bellows. The inside of the bellows is filled with a 
volatile liquid such as ether or alcohol, which ex- 
pands rapidly when the temperature of the water, in 
which the element is inserted, goes up. The large 
number of deep corrugations increases the motion of 
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the free end of the bellows in respect to the fixed end, 
and thus makes the clement more sensitive to a change 
of volume and pressure of the inside liquid with re- 
spect to a change of its temperature. In small engines, 
the expansion or contraction of the liquid in the cle- 
ment closes or opens a valve in the pipe fastened to 
the element, and thus decreases or increases the water 
flow through the heat exchanger. In large engines, 
the temperature-regulation valve operated by the bel- 
lows is placed where convenient in the fresh-water 
piping, and the action of the bellows is obtained by 
remote control. The remote control consists of a 
steel bulb filled with a volatile liquid, inserted in the 
water outlet from the engine, and connected to the 
bellows by a fine tube which transmits the pressure 
change in the bulb, as indicated on Fig. 11-11. 

Ekvices other than bellows arc used to operate by- 
pass valves One of them consists of a strip made ap 
of two metals of different coefficients of heat expan- 
sion and forming a spiral coil. The outer end is fas- 
tened solidly, and the inner end is fastened to a shaft. 
When the temperature of this bimetallic coil changes, 
its free inner end moves, rotates the shaft, and opens 
or closes a flat-hinge-typc valve. Another device 
consists of a cylinder and piston with some readily 
evaporating substance between them. When the sub- 
stance melts and evaporates, it moves the piston and 
thus operates a disk valve. The disk valve is returned 
toward the seat by a spring when the pressure under 
the piston begins to drop. 

12-6. Questions. 1. What types of blowers arc 
used for scavenging two-stroke engines? 

2. For what purpose arc centrifugal blowers used 
when driven by an exhaust-gas turbine? 

3. What is the difference between centrifugal water 
pumps used with engines rotating in one direction and 
those used with direct-reversible engines? 

4. For what purposes are heat exchangers used with 
diesel engines? 

5. What is the object of inserting zinc electrodes in 
sea-water cooling svstems? 

6. What are the purposes of using flexible piping? 

7. What is meant by a thermostat or thermostatic 
regulator? 
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ENGINE CONTROLS 



13-1. Diesel engine loads. To control an engine 
means to keep it running ar a desired sj^ed, either in 
accordance with, or regardless of the changes in the 
load carried by the engine. The control of an engine 
depends upon two factors: its own performance char- 
acteristics, and the type of load which it drives. The 
total load of an engine consists of two parts: (1) the 
internal load, or friction horsepower due to the fric- 
tion, windage, and pumping losses within the engine 
itself and required by the attached engine-driven 
auxiliaries; and (2) the external load, connected to the 
main drive shaft which takes the useful or brake 
horsepower output of the engine. 

As explained in Sec. 6-2, the indicated horsepower 
is equal to the total load, or the sum of the friction 
and the brake horsepower. The indicated horsepower 
necessary to balance this total load at any speed de- 
pends upon the pressures developed during combustion 
of the fuel and the resulting mean indicated pressure. 
The combustion process, and the mean pressure de- 
veloped by it, depend primarily upon the quantity of 
fuel injected on the firing stroke, if all other condi- 
tions remain substantially the same. 

Most diesel fuel-injection systems are designed so 
that the amount of fuel delivered at a fixed setting or 
position of the fuel control is approximately the same 
per injection, regardless of the engine speed. The 
total load at any speed, therefore, can be balanced by 
regulating the fuel control to the setting required to 
give the necessary mean indicated pressure. In other 
words, the setting of the fuel control regulates the 
speed of a diesel engine under any load. 

The fnctional forces or the internal load of an en- 
gine increase rapidly with an increase in the engine 
speed. This also is usually true of the external load, 
so that, in general, greater mean indicated pressures 
are required to balance the total load at higher speeds. 
An example of this type of external load is a direct- 
connected propeller. The power required to drive a 



propeller is shown in Fig. 13-1, together with the 

friction power, and their sum gives the indicated 
power required from the engine at various speeds. 
With this type of total load, the speed of a diesel 
engine will increase only if more fuel is injected and 
will decrease if less fuel is injected. This type of 
load, which increases with speed more rapidly than 
the engine output increases with speed, is essentially 
self-governing under normal operation. This is true 
because any fuel setting will provide the combustion 
pressures which balance the total load on the engine 
only at one speed. The speed under these conditions, 
then, will vary in proportion to the fuel setting, and 
if the load conditions were perfectly constant, manual 
regulation of the fuel control would provide adequate 
speed control. However, the propxrller load on a ship 
is not constant even at a constant engine speed, be- 
cause of the pitching of the ship and the uncovering 
of the propeller in a seaway. To prevent overspccding 
of the engine when the propeller load suddenly de- 
creases, governors arc provided with practically all 
Navy diesel engines. 
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When an engine is operating at constant speed, the 
internal load remains approximately the same. Under 
these conditions, the combustion pressures necessary 
to balance the total load will vary directly with 
changes in the external load. An example of this type 
of load is a direct-connected electric generator, which 
normally must operate at constant speed. An increase 
or decrease in electric load connected to the generator 
will require correspondingly greater or less combus- 
tion pressures to keep the engine speed constant. It 
is necessary, therefore, in order to maintain constant 
speed operation, to change the amount of fuel injected 
in proportion to the external load changes. 

When two or more engines are connected electri- 
cally or mechanically to the same load, they cannot 
independently vary in speed. Examples of this type of 
load are the multiple-unit diescl-electric power sys- 
tems, and the multiple-unit propulsion systems in 
Vhich two or more engines drive a single propeller 
shaft. Under these conditions, the fuel injected in 
each engine must be regulated so that the total load 
is distributed proportionally between the engines 
while their relative speeds are maintained. 

When an engine is running without a load at slow 
idling speed, the friction power is relatively small. 
The quantity of fuel, therefore, which must be in- 
jected per firing stroke to balance the internal load, is 
extremely small, especially in small engine cylinders. 
These small fuel quantities arc difficult to inject regu- 
larly and as a result the idle-speed stability is poor, i.e., 
the engine speed will vary. Furthermore, a slight 
adjustment of the fuel-control setting at idle position 
will cause relatively large changes in the amount of 
fuel injected. This, in turn, results in comparatively 
large changes in engine speed, making it very difficult 
to regulate an engine under idling conditions. The 
problem of regulating the fuel control to meet these 
various operating loads is often further complicated 
by certain characteristics of the fuel-injection system 
itself. Under these conditions it is not possible to 
regulate manually the fuel control of a diescl engine 
satisfactorily and some type of governor is necessary. 

1 3-2. Governors. Functions. A governor is essen- 
tially a speed-sensitive device, designed to control the 
speed of an engine under varying load conditions. The 
type of load and the degree of control desired deter- 
mine the kind of governor to be used. Governors for 
diesel engines may be classified according to their 
primary functions as follows: 

1. Constant-speed governors: to maintain the same en- 
gine speed from no load to full load. 



2. Variable-speed governors: to maintain any desired 
engine speed from idle to top speed. 

3. Speed-lifniting governors: to control the minimum 
engine speed and to limit its maximum spjced, or to 
limit the maximum speed only. 

4. Load'ltmtting governors: to limit the load which 
the engine will take at various speeds. 

Some governors are designed to perform two or 
more of the above functions by incorporating their 
operating mechanisms in the same unit. 

Governing characteristics. Governors employed for 
controlling the speed of diescl engines must have cer- 
tain characteristics to fit the type of load which the 
engine is to drive. The principal characteristics which 
determine the degree of governor control of the engine 
may be defined as follows: 

1. Speed droop is the decrease in speed of the engine 
from no load to full load expressed in rpm., or as a 
per cent of normal or average speed, usually the latter. 

2. Isochronous governing is maintaining the speed of 
the engine truly constant, regardless of the load — in 
other words, with perfect speed regulation or zero 
speed droop. 

3 Hunting is the continuous fluctuation of the en- 
gine speed, slowing down and speeding up, from the 
desired sfxcd, due to over-control by the governor. 

4. Stability is the ability of the governor to main- 
tain the desired engine speed without fluctuations or 
hunting. 

5. Sensitivity is the change in speed required before 
the governor will make a corrective movement of the 
fuel control, and is generally expressed as a per cent 
of the normal or average speed. 

6. Promptness is the speed of action of the governor. 
It may be expressed in terms of the time in seconds 
required for the governor to move the fuel control 
from no-load to full-load position. Promptness de- 
pends upon the power of the governor — the greater 
the power, the shorter the time required to overcome 
the resistances. 

Speed droop. If «j designates the no-load speed, 
the full -load speed, often called normal speed, then 
the speed droop in per cent can be calculated from 
the expression : 

Speed droop=100(«i'-fi2)-r-«2 (13 1) 
Often speed droop is referred to the average speed 
n which is evidently 

« = («i+«2)^2 (13-2) 
and using «, expression (13 2), instead of nz in the 
denominator of expression (13-2) gives: 

Speed droop = 200(«,-«j)-^(»i-+-«2) (13-3) 
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Example J3-i. Find the speed droop of the governor 
if the engine has a nornial speed of 1,400 rpno. 
and a no-load speed of 1,450 rpm. Compare 
both methods of computation. 
By expression (13-1): 

Speed droop = 100(l,450-l,400)-rl,400«3.57 
per cent. 

By expression (13-3): 

Speed droop-200(l, 4 5 0-1,400) (l,450-|- 

1,400) -3.51 percent 

The difference is negligible. 

Hunting, It is said that a governor is hunting if its 
flyweights and control sleeve do not assume at once a 
definite position corresponding to the speed, but move 
up and down. Hunting occurs due to a lag in action 
of the control mechanism, indicating poor sensitivity 
and resulting in a large speed change before any 
governor action takes place. The engine will slow 
down or speed up too much, therefore, before any 
corrective regulation of the fuel control is made. 
When the controls begin to move, they will continue 
to move even after the correct speed has been obtained, 
and this will result in an over-coma son of the engine 
speed in the opposite direction. After that the 
governor will start to act in the opposite direction, 
etc. The engine speed will fluctuate or hunt due to 
this over-control by the governor. 

Hunting may also occur due to the slowness of 
action of the corrective control mechanism as indi- 
cated by poor promptness, if the power of the governor 
is too small. This lag in action will permit too great 
a change in engine speed to occur during a change in 
engine load before the proper correction is made, even 
if the governor is sufficiently sensitive. Due to this 
lag, the speed of the engine will be changed too much 
in the opposite direction before the governor action 
scops. Poor promptness thus results in hunting, due 
to over-control of the governor in the same manner 
as with poor sensitivity. 

Any method of reducing the friction in the operat- 
ing mechanism of a governor will tend to increase 
its stability. 

Sensitivity. If an engine is running and its governor 
is in equilibrium, it requires a considerable change in 
engine speed, due to a change in the load, before the 
governor will begin to act and ad just the fuel delivery 
to correspond to the changed load. This lag in 
governor action is caused by friction and lost motion 
in the governing mechanism, and is called sensitivity. 
Sensitivity is determined by testing an engine first 
with an increasing and then with a decreasing load. 
Due to lag in the governor action, the speed corres- 
ponding to a certain load which was obtained when 



the load was increasing is always lower than the 
speed corresponding to the same load when decreas- 
ing. Sensitivity is expressed numerically as the dif- 
ference of the two speeds divided by their average, in 
per cent. Thus, the greater this figure, the less satis- 
factory is the sensitivity of the governor. Usually the 
difference berween the two speeds is greatest near 
half-load conditions. 

The sensitivity is calculated from an expression, 
which according to the definition, is identical with 
expression (13-3), if «i and «2 are assumed to be the 
highest and lowest speeds with the same load. 

Sensitivity = 2CX) («max - «min) ^ C«max + «min) (13-4) 
Sensitivity is often defined also as fluctuation above 
and helow the average speed, meaning that one-half of 
the difference of («max — wmin) is assumed as lying 
above and the other half below. With this definition, 
expression (13-4) changes to: 

Sensitivity = =fclOO («max-«min)^(«max+»min) (13-5) 

Example 73-2. Find the sensitivity of the governor 
which at one-half load begins to act with an 
increasing load at 1,417 rpm., and with a de- 
creasing load at 1,429 rpm. 

According to expression (13-4): 
Sensitivity - 200(l ,429 - 1 ,417) > (l ,429 -|- 

1,417) =0.84 per cent. 
By expression (13-5) sensitivity will be evi- 
dently =fc0.42 per cent. 



Types of governors . Practically all governors used on 
diesel engines for the Navy arc of the type in which 




91 



RESTRICTED 



FUNDAMENTALS OF DIESEL ENGINES-U.S. NAVY 



the centrifugal force of the rotating weight is bal- 
anced by a helical coil spring. They arc commonly 
known as spring-loaded centrifugal governors. Cen- 
trifugal governors may be cl ass i tied into two main 
IV pes depending upon the regulating force employed 
to operate the fuel control. These types are: 

1. Mechanical governors, in which the centrifugal 
force of the rotating weights directly regulates the 
fuel supply by means of a mechanical linkage which 
operates the fuel-control mechanism. 

2. Hydraulic governors y in which the centrifugal 
force of the rotating weights regulates the fuel supply 
indirectly by moving a hydraulic pilot valve con- 
trolling oil under pressure, which operates the fuel- 
control mechanism. 

1 3-3. Spring-loaded centrifugal governor. A spring- 
loaded centrifugal governor is illustrated diagram- 
matically in Fig. 13-2, showing the low- and 
high-speed positions of the weights. The governor 
has two rotating weights, called flyweights or flyballs. 
These arc fastened to the upper ends of ball-crank 
levers mounted on pivots at their corners to tYxcyoke, 
The yoke is usually connected by gears to revolve with 
the engine. The inner ends, or toes, of the flyweight 
levers bear against the thrust bearing of the control 
sleeve, which operates the fuel -regulating mechanism. 
The speeder spring, often referred to simply as the 
governor spring, bears against the upper end of the 
control sleeve and tends to move it, together with the 
fuel-regulating mechanism, downward in the direc- 
tion to supply tnore fuel. The centrifugal force acting 
outward on the f ywcights has a tendency to move the 
control sleeve, together with the fuel-regulating 
mechanism, upward against the action of the spring, 
in the direction to supply less fuel. When the cen- 
trifugal force of the rotating flyweights is exactly 
balanced by the force of the spring, the control sleeve 
assumes a fixed position, the fuel-regulating mecha- 
nism remains at a certain setting, and the engine speed 
remains constant so long as the load does not change. 

If, however, the load on the engine decreases, the 
engine will begin to speed up because the fuel-regulat- 
ing setting for the original load will supply more 
fuel than is necessary for the reduced load. As the 
speed of the engine increases, it drives the governor 
faster also, and increases the centrifugal force of the 
flyweights. This increase in centrifugal force moves 
the control sleeve, in the direction to supply less fucl^ 
compressing the spring further until the centrifugal 
force again is balanced by the increase in spring force. 
The reduction in fuel supplied prevents the engine 



from increasing in speed more than is necessary for 
the governor to operate the fuel-control mechanism 
the amount required to balance the reduced load. 

If, on the other hand, the load on the engine in- 
creases, the engine will begin to slow down because 
the fuel supplied for the original load is less than is 
necessary for the increased load. As the speed of the 
engine decreases, the centrifugal force of the governor 
flyweights also decreases. This unbalances the spring 
force which then moves the control sleeve, in the 
direction to supply more fuel, until the decrease in 
centrifugal force is balanced by the decrease in spring 
force due to the increase in its length. 

Constant-speed governors. With mechanical governors, 
in which the control sleeve is directly connected to 
the fuel-regulating mechanism, the spring length 
must be changed a certain amount for every change in 
setting of the fuel control. This requires a centrifugal 
force different from that of the flyweights, and conse- 
quently, a different engine speed in order for the 
governor to balance every change in load. Therefore, 
all mechanical governors have a speed droop and so 
cannot provide isochronous governing. By proper 
design, however, the speed droop of mechanical 




Figure 1J~3. 7wo-sp««c/ centrifugal govrnor. 
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governors can be held to four to five per cent, so that 
for practical purposes such governors may be classed 
as the constant-speed type. 

Variable-speed governors. If the control speed of an 
engine must be changed while in operation, a variable- 
speed governor is required which may be adjusted to 
maintain any desired control speed within the operat- 
ing range of the engine. 

The simplest method of obtaining variable-speed 
governing with spring-loaded centrifugal governors 
is to provide a means for varying the initial compres- 
sion of the speeder spring as shown diagrammatically 
in Fig. 13-2. Thus, if the initial spring force is in- 
creased by compressing the spring to a shorter length, 
the engine speed must increase before the centrifugal 
force developed by the flyweights can balance the 
greater spring force. Or, if the initial compression of 
the spring is decreased, the engine speed necessary for 
the centrifugal force of the flyweights to balance the 
reduced force will be decreased. 

Two-speed governors. In many installations, it is de- 
sirable that the governor control the engine so that 
it idles at low speeds rather than at high speeds under 
no-load conditions. In order to accomplish this with 
a mechanical governor it is necessary to provide two 
different springs. One is a soft spring, which takes a 
small force to compress it per inch, to provide better 
sensitivity and lower speed droop at low speeds; the 
other is a stiff spring, which takes a larger force to 
compress it per inch, to provide sufficient stability at 
high speeds. 

The springs may be arranged to act cither singly or 
in combmation. An example of an elementary form of 
this type of governor is shown in Figure 13-3. For 
low-speed operation, the governor control is put in 
the position in which only the soft inner spring is 
acting, thereby providing better sensitivity and speed 
regulation under idle conditions. For high-speed 
operation, the governor control is put in the position 
in which both springs must act together, which pro- 
vides better control under full-speed conditions. 

Influence of frtction. Friction has a pronounced effect 
on the characteristics of governors. The friction in a 
governor includes all the forces which oppose the 
motion of the control sleeve and the fuel-control mech- 
anism. In a spring-loaded centrifugal governor, the 
force to move the control sleeve must be supplied by 
the difference between the centrifugal force of the fly- 
weight, and the force of the speeder spring during a 
period of unbalance. In other words, the change in 
speed necessary to actuate the governor or make it 
operate depends directly upon the total frictional re- 



sistance which opposes the governor action. Any 
method of decreasing the forces which must be over- 
come by a governor to operate the fuel-control mech- 
anism will, therefore, increase its sensitivity. 

Every governor depends upon a change in speed for 
its corrective act ton ^ so-called because it corrects the en- 
gine speed. The extent of the speed change necessary 
to produce this action determines the amount of the 
resulting movement of the control mechanism. Thus, 
the more sensitive the governor, the less will be the 
corrective action required after a change of the engine 
load. The rapidity of the control movement, which 
depends on the promptness of the governor action, 
also influences the amount of corrective action re- 
quired when the speed changes. Both these charac- 
teristics affect the stability or steadiness of the gover- 
nor by their effect on hunting. 

Shortcomings. Mechanical governors have the fol- 
lowing shortcomings: 

1. They have poor sensitivity, since the speed sen- 
sitive clement also must furnish the force to move the 
engine speed control. 

2. Their power is relatively small unless they arc 
excessively large. 

3. They have an unavoidable speed droop and 
therefore cannot provide real constant speeds, necessary 
when driving A.C. generators which must be held to exact 
speeds. 

Practically all of these shortcomings of mechanical 
governors may be overcome through the use of hy- 
draulic governors. 

13-4. Elementary hydraulic governor. The only 
method of obtaining truly constant speed or isochro- 
nous governing from a spring-loaded centrifugal gover- 
nor is to restore the speeder spring to its original ten- 
sion after every speed change, regardless of the move- 
ment of the fuel-control mechanism. When the 
speeder spring is kept under the same tension, the 
centrifugal force of the flyweights necessary to balance 
it will be developed only at one corresponding speed. 
The governor, therefore, must regulate the fuel supply 
to keep the engine at the same speed regardless of 
load. This can be accomplished with a spring-loaded 
centrifugal governor bv using an indirect connection 
between the control sleeve and the fuel-control mech- 
anism. Such an indirect connection may be pro- 
vided bv an independent cnergv source to operate the 
fuel -control mechanism, which is most conveniently 
furnished by oil pressure in hydraulic governors, pro- 
duced hv a special pump. 

An elementary form of hydraulic governor is ilius- 
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tratcd in Fig. 13-4. The spccd-scnsicivc clement in 
the governor is a pair of spring-loaded flyweights and 
a helical coil spring. The speed-sensitive element 
operates a pilot valve which controls the flow of oil 
to and from a hydraulic power piston shown at right. 
When the governor is operating at control speed, the 
lower end of the plunger of the pilot valve registers 
with and just closes the ports in the pilot-valve bush- 
ing and there is no flow of oil, Fig. 13 4a. When the 
governor speed rises above the speed at which the 




Figw 13-4. EUm^ntary hydraulic goyrnor. 



pilot ports arc closed, the flyweights move out, rais- 
ing the pilot-valve plunger, Fig. 13-4b. This opens 
the port from the power piston to the drain into the 
sump. The spring on the power piston forces the 
power piston down, toward no-load position. The oil 
displaced drains through the center of the pilot-valvc 
bushing. The fuel-control mechanism is connected to 
the power-piston rod end. When the governor speed 
decreases below the control speed, the flyweights 
move in, lowering the pilot-valve plunger, Fig. 13 4c. 
This opens the port to the power piston and connects 
it to a supply of oil under pressure. This pressure oil 
acts on the power piston, forcing it up toward full- 
load position. 

The length of the lower end of the pilot-valve 
plunger is exactly the same as the width of the ports 
in the pilot-valve bushing. Since the plunger is 
moved directly by the speed-sensitive element, there 
is one speed and only one speed at which the ports 
will stay closed. Fig. 13-4 shows an elementary isoch- 
ronous or constant-speed hydraulic governor. From 
the above discussion it is clear that with this gover- 
nor there is no direct relation between the governor 
speed and the setting of the engine fuel controls. If 
the governor speed drops below the fixed, or control 
speed, the power piston will be moved upward and 
will increase the fuel supply If the governor speed 
rises above control sj')eed, the power piston will be 
moved down, toward decreased fuel. The power pis- 
ton will he set at any required position between no- 
load and full-load. The engine will operate, under 
equilibrium conditions, exactly at control speed. 

The pilot valves arc constructed so that the fluid 
pressures arc balanced and produce no thrust on the 
plungers. The oil pressure applied to the recess of the 
pilot-valvc plunger in Fig. 13-4 acts equally on the 
ring-shaped areas at both ends and no axial force is 
produced. The plungers in governor pilot valves arc 
usually rotated in the bushings to maintain an oil 
film between these parts and thus reduce friction and 
prevent sticking. The holes in the pilot-valvc sleeve 
arc arranged in pairs so that there is no side thrust 
exerted on the plunger. The lower fitted length of the 
plunger, called the land^ exactly covers the holes in 
the bushing, so that a slight movement of the plunger 
starts a change in the fuel setting. All of these factors 
contribute to the high sensitivity of hydraulic gover- 
nors, some of which will respond to a speed change of 
0.01 per cent. This high sensitivity makes it possible 
for a hydraulic governor to maintain a control speed 
with great precision. Sensitivity is also important 
because it permits the governor to act immediately 



94 



ENGINE CONTROLS 



RESTRICTED 



when a speed change is just beginning and thus pre- 
vents developing of larger speed fluctuations. 

13—5. Actual hydraulic gov#mort. Com fen sat ion. As 
explained in Sec. 13 3, hunting due to overshoot- 
ing will result if an engine returns to control speed 
after a speed change, and the fuel controls are set as 
required during the speed change. The simple hydrau- 
lic governor has the same fault. As long as the speed 
is above or below the control speed, the simple hy- 
draulic governor will continue to adjust the fuel sys- 
tem, to decrease or increase the delivery of fuel to the 
engine. There is always a lag between the moment 
that a change in fuel setting is made and the time the 
engine reaches a new equilibrium speed. Therefore, 
the engine will always return to control speed with 
the fuel delivery over-corrected, and hunting due to 
overshooting will result. 

To avoid overshooting, a governor mechanism must 
anticipate the return to normal speed, and must dis- 
continue changing the fuel control setting slightly 
before the new setting required for sustaining the con- 
trol speed has actually been reached. A mechanism 
which enables a governor to anticipate the return to 




Figuf 13-5. HydraulU gcvmor with compensation. 



control is termed a cowfensating device. Every hydrau- 
lic governor must have some type of compensating 
device. 

The simplest method of compensating for a hydrau- 
lic governor is to provide a speed droop with increase 
ia load. While this method docs prevent truly isoch- 
ronous governing with this type of hydraulic gover- 
nor, the speed droop can be held to a minimum and 
the governor still possesses the advantages of fine 
sensitivity and large regulating forces. 

One mechanism employed to provide this compen- 
sation is illustrated in Fig. 13-5. The lever control- 
ling the tension of the speeder spring is moved by 
linkage with the fuel-control mechanism. In opera- 
tion, the movement of the hydraulic power piston, 
which regulates the fuel-control setting, also acts to 
change the tension of the speeder spring. Thus, an 
increase in fuel corresponding to an increase in load is 
produced by an upward motion of the power piston. 
This motion raises the right end of a lever fastened to 
the end of a shaft and thus turns the shaft, which 
operates the fuel-control mechanism. At the same 
time, a pin in the fuel-control lever located in a slot 
of the forked lever slightly lifts the upper seat of the 
spring and thus decreases the spring force. This 
lowered spring force will require less centrifugal force, 
and consequently, a lower control speed is necessary 
for balance. By adjusting the leverage of the linkage 
between the fuel-control and the speeder spring, de- 
pending upon the characteristics of the engine, the 
amount of speed droop necessary to obtain the com- 
pensation required will be provided and stable opera- 
tion will result. 

Isochronous governor compensation. In order to obtain 
compensation of hydraulic governors and yet maintain 
truly isochronous governing, another method must be 
used. One mechanism which provides compensation 
without speed droop is illustrated in Fig. 13-6. The 
pilot-valve plunger operates in a movable pilot-valve 
bushing in which are located the ports controlling 
the oil flow. The movement of this valve bushmg 
during a speed change is controlled by the receiving 
compensating piston to which it is attached. It should 
be noted that under constant-speed operation, the 
compensating spring will hold the pilot-valve bush- 
ing in its central position. Thus, until there is an 
actual change in the fuel-control mechanism, the 
action of the pilot valve is the same as in the simple 
hydraulic governor shown in Fig. 13-4. The com- 
pensating action of the valve bushing is controlled 
hydraulically by transfer and by leakage of oil pres- 
sure between the compaisacing receiving piston and the 



RESTRICTED 



FUNDAMENTALS OF DIESEL ENGINES-U. S. NAVY 




Figure 73-6. Hydraulic governor with spe%d droop. 



compensating actuatinf^ piston. The rate of compen- 
sation is adjusted to fit the engine characteristics by 
regulating the oil leakage through the compensation 
needle valves. 

The operation of this hydraulic compensating de- 
vice during the change in load may be explained as 
follows: when the load on the engine increases, the 
speed will start to decrease, causing the speeder spring 
to overbalance the reduced centrifugal force of the 
flyballs. This action moves the pilot-valve plunger 
down, as shown in Fig. 13-7, so that the control port 
in the bushing, which is normally covered by the 
lower land on the pilot-valve plunger, is uncovered 
and put in connection with the supply of oil under 
pressure. The oil under pressure then flows through 
the open control port to the bottom of the power- 
piston cylinder, begins to lift the power piston, and 
to move the fuel control toward more fuel in the same 
manner as in an elementary hydraulic governor. In 
this governor, howxver, the actuating piston is con- 



nected to the power piston and thus moves up with it. 
As the actuating piston moves up, it forces the oil 
above it through passages, partly to the compensa- 
tion needle valves and partly to the top of the receiv- 
ing piston. During a rapid movement of the power 
piston, however, very little oil can leak past the needle 
valves. When the power piston first moves up, the oil 
from the actuating piston will force the receiving 
piston down against the action of the compensating 
spring. The pilot-valve bushing will thus move down 
as the fuel-control mechanism is moved toward less 
fuel. When the pilot-valve bushing moves down, the 
control port will come opposite, and again be covered 
by the lower land on the pilot-valve plunger, which 
previously had moved down under the action of the 
speeder spring. This will cut off the oil pressure to 
the power piston and prevent further increase in the 
fuel supply. 

When the fuel supply is increased, however, the 
speed of the engine will start to pick up, and as the 
engine speed gradually returns to normal, the centrif- 
ugal force of the flyweights will move the pilot-valve 
plunger back to its normal central position. By proper 
adjustment of the compensation needle valves, the oil 
above the receiving piston can be made to leak out at 
a certain rate. This will allow the compensating 
spring to act to gradually move the receiving piston 
up as the oil is forced back to the needle valves. Thus, 
the pilot-valve bushing may be returned to its normal 
central position at the same rate as the pilot-valve 
plunger, so that the central port is kept covered and 
no further regulation of the fuel control takes place. 

When there is a decrease in load and the engine 
starts to speed up, the same sequence of operations 
takes place in the opposite direction. In this case, the 
increased centrifugal force due to the increase in 
engine speed moves the pilot-valve plunger up. This 
uncovers the control port and allows the oil trapped 
in the bottom of the power-piston cylinder to drain 
back to the oil sump. The power piston thus moves 
down under the action of the power spring and moves 
the fuel control in the direction toward less fuel. As 
the power piston moves down to decrease the fuel, 
the actuating piston is also moved down with it. 
This movement draws oil partly through the com- 
pensation needle valves and partly from above the 
receiving piston. If this action occurs rapidly, very 
little oil is drawn through the needle valves, and thus, 
the receiving piston is moved up against the action 
of the compensating spring. Since the pilot-valve 
bushing also moves up with the receiving piston, the 
control port will be closed when it comes opposite 
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the land on the pilot-valve plunger. This will cut oflf 
the oil line from the bottom of the power-piston 
cylinder, thus trapping the oil and preventing further 
decrease in the fuel supply. When the fuel supply is 
decreased, however, the speed of the engine will 
start to slow down, and as the speed gradually re- 
turns to normal, the flyweights move in and the 
pilot- valve plunger will return to its normal control 
position. During the speed correction, the compen- 
sating spring begins to move the pilot-valve bushing 
back to its central position also. As the speed de- 
creases, oil will be drawn up from the oil sump to 
permit the receiving piston to return to its normal 
central position at the same rate as the pilot-valve 
plunger. By proper nccdlc-valvc adjustment, the 
pilot-valve plunger may be returned to its normal cen- 
tral position, so that after the initial fuel change, the 
control port is closed and no further fuel regulation 
takes place. 

If the power piston is moved the first time to give 
exactly the fuel setting required to balance the change 
in load before the control port is closed by the com- 
pensating system, and the port remains closed while 
the engine returns to control speed, there is no hunt- 
ing at all. This condition is known as deaJ-heat gover- 
noring and is difficult to obrain in practice. However, 
if the governor compensation is adjusted correctly, 
only a slight amount of hunting of small magnitude 
will occur following a load change which will quick- 
ly be damped out. resulting in stable operation 
throughout the operating range. 

Load distribution. An engine equipped with an isoch- 
ronous governor can carry any load between no 
load and the maximum load or overload that the 
governor will permit. If two or more engines are 
coupled to a single load they cannot all be equipped 
with truly isochronous governors, unless the engines 
are connected to electric generators having special 
characteristics which allow for operation in parallel 
with isochronous governors Since isochronous gover- 
nors permit any fuel setting within the capacity of the 
system, providing the speed remains constant, they 
arc incapable of distributing the load between two 
engines in a predictable manner. Engines which arc 
to be operated in parallel must use governors with a 
speed droop. Not more than one engine in such a 
system may be governed truly isochronously. A simple 
method of introducing speed droop is to use a suitable 
linkage bcrwecn the fuel-control mechanism and the 
speeder-spring compression regulator, such as shown 
in Fig. 13-5. A similar mechanism may be attached 
to a compensating isochronous hydraulic governor to 



obtain speed droop. Adjustment of the lever linkage 
may be made to obtain the desired speed droop re- 
quired to distribute the load adequately. 

1 3-6. Load-limit governon . At any particular en- 
gine speed, there is a rather definite maximum sus- 
tained load which an engine can carry without dam- 
age. An ordinary governor, whether isochronous or 
built with speed droop, is sensitive only to speed. If 
the engine slows down, the governor will increase 
the fuel supply even though this may overload the 
engine. To prevent the governor from increasing the 
fuel supply beyond that required for a safe load, rhe 
governor may be equipped with a maximum-fuel 
stop. If a fixed stop were used, it would permit the 
engine to be overloaded at low speeds if it were set to 
allow the maximum safe load at full speed. To give 
full protection throughout the full engine-speed range, 
and at the same time to allow the engine to develop 
its maximum permissible power, the governor may be 
equipped with a variable maximum-fuel stop which 
will permit the delivery of the maximum safe fuel 
supply at any engine speed. Such a device is termed a 
bmef. I i miter or torque limiter. 

The maximum fuel delivery permitted by a torque 
limiter may be set slightly below the smoke limit for 
the engine, so that the engine will automatically 
give practically smokeless operation. 



LOAD LIMIT PLUNGER 




Figuf 13-7. Load-limit Itydraulie govmor. 
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If a very heavy load is put on an engine so that a 
maximum-fuel stop comes into operation, then the 
engine speed will drop below the governor control 
speed, and the engine will operate with a fixed rack 
setting as if it had no governor. Most types of loads 
demand less driving torque as speed decreases, and in 
most cases the engine will he able to carry the load 
without stalling at some reduced speed. The engine 
will develop a somewhat reduced torque and a greatly 
reduced power as its speed decreases, but it will prob- 
ably still be able to drive the ship or run an overloaded 
generator at some below-normal speed. 

A typical load-limit governor is illustrated in Fig. 
lJ-7. It consists of a spring-loaded centrifugal gover- 
nor which operates a hydraulic pilot valve for con- 
trolling the load-limiting mechanism. This mecha- 
nism consists of a spring-loaded plunger or piston to 
whose right end is attached a stop or cam which 
limits the movement of the main fuel controls. It 
will be noted that there is also a sloping cam surface 
cut into the lower side of the load-limit piston on 
which rides the roller attached to the top of the 
speeder spring. The position of the load-limit piston 
thus controls the compression on the speeder spring. 
In operation, when the speed increases, the centrif- 
ugal force of the flyweights moves the pilot-valve 
plunger up and uncovers the control port, permitting 
oil trapped in the load-limit cylinder to drain out and 
allowing the spring-loaded piston to move to the left. 
This moves the load-limit stop to the position per- 
mitting maximum opening of the fuel controls. When 
the engine slows down, the pilot-valve plunger will 
move down and open the control port so that it con- 
nects with the supply of oil under pressure. The oil 
pressure acting on the load-limit piston will move it 
to the right until the control port is again covered. 
As the load-limit piston moves to the right, the roller 
riding on the piston cam surface will move up to re- 
duce the speeder-spring compression, so that the cen- 
trifugal force of the flv-^veights will be balanced at a 
lower speed. Thus, for every engine speed there is a 
corresponding position of the power piston which will 
provide the necessary spring compression to balance 
the centrifugal force of the fly^veights and maintain 
the pilot-valve plunger in its control position cover- 
ing the control port. 

At very low speeds, the load-limit piston must be 
moved all the way to the right before the speeder- 
spring compression can be reduced sufficiently to 
balance the low centrifugal force of the flyweights. 
As a result, the load-limit cam will stop the movement 
of the fuel control at its lowest limit, by means of 



the steep slope on the end of the cam. This will pre- 
vent overloading of the engine at low speeds where 
the engine is more likely to smoke. By prop>erly de- 
signing the slope of the load-limit cam, the load for 
each position corresponding to a certain engine speed 
thus will be limited to prevent overload. 

Another t>'pe of load-limit governor is sometimes 
used to prevent too much fuel injection during engine 
starting. This consists of a fuel-control stop which is 
operated by compressed air, and functions only when 
the air-starting system is operating. In order to per- 
mit the hydraulic governor to function immediately 
upon starting, a booster servomotor, i.e., an auxiliary 
power supply, is employed to furnish oil pressure to 
operate the controls until the regular oil pump sup- 
plying the governor can build up suflicient'pressure. 
The booster servomotor is operated by compressed air 
from the air-starting system during the engine-start- 
ing period, 

13-7. Overspeed governors and trips. Overspeed 
governors are employed as safety devices to protect 
engines from damage due to overspeeding from any 
cause. When an engine is equipped with a regular 
speed governor of any type, the overspeed governor 
will function only in the event of failure of operation 
of the regular governor. If the engine speed is manu- 
ally controlled, the overspeed governor will function 
in case the speed increases beyond a safe limit before 
the operator can control it. 

Since overspeed governors are essentially emergency 
controls, they must operate either to stop combustion 
or to limit the combustion pressures in the engine 
c>'linder in order to slow it down. This control of 
combustion may be obtained by cither regulation of 
the fuel or of the air supply. Most overspeed gover- 
nors function to cut off or limit the fuel supply to 
the engine cylinders. In some two-stroke engines, 
however, it is possible for an engine to run away by 
burning lubricating oil which may happen to be taken 
in with the fresh air. Where this may occur, the 
governor is arranged to cut off the air supply to the 
cylinder and thus to stop the engine. Overspeed 
governors which bring an engine to a full stop by 
cutting off all the fuel or air supply are commonly 
termed overspeed trips. If the overspeed control merely 
slows the engine down, but allows it to continue to 
run at safe operating speeds, it is better termed an 
overspeed governor. In Navy service, particularly for 
main propulsion dicscl engines, overspeed governors 
are preferred to overspeed trips since the latter type 
may leave a ship without power at a critical moment. 
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Ovcrspccd governors and trips of all types depend 
upon a spring-loaded centrifugal-governor element 
for their action. The spring in this case is preloaded 
to a force which will overbalance the centrifugal 
force of the flyweights until the engine speed rises 
above the desired maximum. When this speed is 
reached, the centrifugal force overcomes the spring 
force and puts to action the controls which cut off or 
limit the air or fuel supply. 

The actual operation of the fuel or air controls may 
be accomplished directly by the centrifugal force of 
the overspecd governor, as in a mechanical governor, 
or it may be supplied by oil pressure, as in a hydraulic 
governor. In an overspecd trip, the shut-off control 
may be operated by the force of a power spring which 
is put under tension when the trip is manually reset 
and is held there by means of a latch. When the maxi- 
mum speed limit is exceeded, a spring-loaded centrif- 
ugal flyweight will move out and trip the latch, 
allowing the power spring to operate the shut-off 
control. 

13-8. Limitations of performance. The power 

which can be developed by a given-sized cylinder and 
piston stroke is limited by: (1) engine speed, and (2) 
mean effective pressure developed in the cylinder. 

Engine speed is limited by the inertia forces produced 
by the moving reciprocating parts which increase very 
rapidly with an increase of rpm., and also by lubrica- 
tion difficulties caused by heat which is developed by 
friction. 

Mean effective pressure is limited by: 

1. Heat losses and efficiency of combustion. 

2. Volumetric efficiency in four-stroke, and scav- 
enge efficiency in two-stroke engines, as discussed in 
Sec. 6-2. The amount. of air charged into the cylinder 
and available for combustion depends upon these 
efficiencies. Supercharging increases the amount of 
air and thus helps to increase mean effective pressure. 

3. Completeness of the mixing of the fuel and air. 
This depends upon the fineness of the fuel atomiza- 
tion, sufficient penetration, and good distribution of 
the fuel. 

For each engine, the limiting or maximum permis- 



sible brake mean effective pressure is prescribed by 
the manufacturer and must never be exceeded. In a 
direct-drive ship, the mean effective pressure devel- 
oped is determined by the rpm., and increases very 
rapidly even with a small increase of rpm. over the 
maximum rated value. In an electric-drive ship, as 
long as the rating of the generator, to which the 
engine is connected, is not exceeded, the mean effec- 
tive pressure will be within the safe limit. 

Overloading a diesci engine means exceeding the 
limiting mean effective pressure and should never be 
done, 

13-9. Problems. 1. Determine the speed droop, 
referred to full-load speed, of an engine which has a 
normal speed of 2,000 rpm. and an idling speed of 
2,670 rpm. Ans. 2.69 per cent. 

2. Determine the speed droop of the engine in prob- 
lem 1, referred to the average speed. Ans. 2.66 per 
cent. 

3. Ektermine the sensitivity of the governor which 
permits the engine speed, at rated load, to stay be- 
tween 2,109 and 2,093 rpm. Ans. 0.76 per cent. 

4. Determine the sensitivity of a governor which 
at rated load maintains the engine sp>eed between 
1,807 and 1,793 rpm. and express it as fluctuation 
above and below the rated speed. Ans. ^0.39 per cent. 

13-10. Questions. 1. What method is used to 
control engine speed when the load changes? 

2. Enumerate the types of governors m use with 
diesel engines. 

3. Enumerate the main. characteristics of a diesel- 
engine governor. 

4. W hat is the speed droop of a governor? 

5. What types of governors are used in Navy diesel 
engines? 

6. What means arc used to obtain variable-speed 
governing? 

7. What is hunting of a governor? 

8. What is the main feature of any hydraulic gover- 
nor? 

9. What is the purpose of a load-limiting gover- 
nor? 
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CHAPTER 14 

STARTING AND REVERSING 



14^1. Requiremenh. Methods, In order to start a 
dicscl engine, the engine crankshaft must be turned 
over by some outside means so that the air in the 
cylinder at the top center is compressed to such a 
temperature and pressure that fuel injected by the in- 
jection system will ignite and produce a power stroke. 

The first requirement for starting a diesel engine is 
to turn it over with sufficient speed. If the engine is 
turned over very slowly, the unavoidable small leaks 
past the piston rings and also through the intake and 
exhaust valves will permit part of the air to escape 
during the compression stroke. This may lower the 
compression pressure and temperature at the end of 
the stroke below the values necessary to ignite the 
injected fuel. A heat loss from the compressed air to 
the metal walls of the compression space is also greater 
at low speeds when the duration of the compression 
stroke is longer, and this further lowers the tempera- 
ture of the air. Therefore, there is a minimum speed 
which the engine must attain before ignition will 
occur and the engine will start firing. The starting 
speed depends upon the type and size of the engine, 
its condition, and the temperature of the surrounding 
air. In some engines the starting speed is around 
70-75 rpm,, while in some small engines it may be as 
high as 250 or even 300 rpm. There is no definite re- 
lation between the starting and operating speed of an 
engine. However, all other conditions being equal, 
an engine starts at a lower speed when it is in its best 
operating condition, has well-seated piston rings and 
valves, correct timing, and when there is no excessive 
friction in the engine or in the engine-driven aux- 
iliaries. 

The second important requirement is a correct com- 
pression ratio. If the compression ratio is not sufficient- 
ly high, the final temperature and pressure of the com- 
pressed air charge again will not be that required for 
ignition. A new engine, naturally, has the correct 
compression ratio. However, wear of bearings may 



lower the piston position and with it the compression 
ratio. A late closing of the intake valves, caused by 
incorrect take-up of wear in the valve mechanism or 
some other error in the valve timing, also may decrease 
the effective compression ratio. 

Starting methods. Modern Navy diesel engines use 
only two methods for starting: (1) electric starting 
for small engines and (2) compressed-air starting for 
medium-sized and large engines. 

However, in some installations, large engines are 
also started electrically. 

14-2. Electric starting. The arrangement normal- 
ly used is of the same general design as an automobile- 
engine starter but is more powerful, both because Navy 
diesel engines are larger than automobile engines, and 
because a compression-ignition engine requires a 
larger amount of power to turn it over than a spark- 
ignition engine. The power required to first turn the 
crankshaft of a cold dicscl engine and then bring it up 
to starting speed, generally is a little less than 10 per 
cent of its rated output, but in some cases may amount 
to as much as 20 per cent, especially with small en- 
gines. With large engines it is less, down to about 
three or four per cent of the rated output. 

Electric-starting systems use direct current because 
the electrical energy in this form can be stored in 
batteries and drawn upon when needed for starting, 
after which it can be replenished by recharging with 
an engine-driven generator. 

The electric-starting system consists of: 

1. Storage battery. 

2. Direct-current or D C. electric motor. 

3. Mechanical engagement between the motor and 
engine crankshaft. 

4. An auxiliary electric generator to charge the 
battery, if the engine does not drive a D.C. generator 
as its main load. 
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S. Necessary cables, wires and switches to complete 
the el^trical system. 

Storage battery. Storage batteries usually have an 
electromotive force of 24, sometimes of 32 volts. 
Some small engines use 12-and 16-volt batteries. The 
capacity varies from about 175 to 225 amp -hours. 

Electric motors. The motors arc usually of the scries - 
wound, heavy-duty type, which, for a short time, a 
few seconds, can carry a 100 per cent over load. 

To prevent overheating of the starter motor due to 
the heavy current drawn, some electric-starting sys- 
tems employ a timing device in conjunction with the 
magnetic switch, designed to disconnect it after about 
15 seconds if the engine docs not start. It should be 
noted that electric starters are designed to produce 
maximum power for short periods only, and should 
not be operated for more than 30 seconds at a time. 

Michan/cal tngagement. This engagement consists of 
a spirally splinctl portion of the motor-armature shaft, 
a shift sleeve, a pinion with a splincd bore which 
enables it to move along the shaft, and a spring. 
When the engine must be cranked, the pinion is moved 
to the outer end of the splincd shafc cither manually 
or by magnetic action, and its teeth mesh with teeth 
of a gear which is part of the flywheel. When the 
motor begins to turn, it turns the flywheel, and the 
spline is cut so that when the torque is transmitted 
from the motor to the flywheel, the axial component 
due to the spiral shape of the spline presses the pinion 
against a collar on the end of the shaft. When the 
engine begins to fire, the circumferential velocity of 
the pinion and the torque is reversed. This pushes the 
pinion along the spline away from the shaft collar 
and out of mesh with the gear. 

CahUs and switches. Although the voltage used for 
most starting motors is comparatively low, as stated 
above, the current drawn during starting may rise to 
values of 500 amperes or more, so that heavy cables 
and switches must be used. In order to keep the elec- 
trical losses as low as possible, the main cables arc 
made as short as possible. The starting switches are 
usually of the magnetic type which can be remotely 
controlled by a push-button switch and require less 
current to operate. 

14-3. Compressed-air starting. Starting a large 
dicsel engme requires the expenditure of considerable 
energy m a relatively short time. One of the simplest 
methods for stormg large quantities of potential 
energy is by compressing air into tanks. The com- 
pressed air may then be used as the source of starting 
energy by expanding it in the engine cylinders. This 



requires a starting-valve gear which adds but little 
extra weight or size to the engine, and is the method 
generally employed on large engines. 

The compressed air used for starting can be readily 
replenished over a long period of time, after the en- 
gine has been started, by means of a small compressor 
which requires only a small amount of power. The 
compressor may be driven directly from the engine or 
from a separate power source, such as a small hand- 
started engine. A separately driven air compressor is 
always used with Navy diescl engines, even in addi- 
tion to an engine-driven one, to insure a positive sup- 
ply of starting energy. 

With most air-starting systems, the compressed air 
is admitted to the top of the main engine cylinder 
under a pressure of from 100 to 400 psi., through spe- 
cial poppet starting valves mounted in the cylinder 
head. Some large engines use air pressures up to 600 
psi. The starting valves arc rimed to open when the 
pistons are in the position corresponding to the start 
of the normal expansion stroke. The air pressure thus 
acts on the pistons which turn the engine as rapidly 
as necessary for starting. When the engine is turning 
fast enough, the fuel begins to ignite as it is injected 
and the air supply is cut off. 

In engines with 10 or less cylinders, usually all cy- 
linders are equipped with air-starter valves. In 12- 
and 16-cylindcr engines, only one-half of the cylinders 
have air-starter valves. In double-acting engines, an 




Fiffur* 74-7. Air startle distributor va/rt. 
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Figure 14-2, Air startT ctfck valv; 



air-scarting valve is located in each cylinder, but only^ 
in one of the cyHnder heads, usually in the upper 
head. All multicylindcr naval engines can be started 
by the air pressure a: any position of the crankshaft 
without barring the engine over. Two- and three- 
cylinder engines require barring over. 

There are two methods used for controlling the tim- 
ing of the air starting valves: (1) direct mechanical 
operation by means of individual cams and valve 
gear, and (2) indirect operation by means of an air 
distributor. Most naval engines use the indirect 
method, which itself has many variations. 

Distrihutor starttn^-valve gear. Air starting distrib- 
utors usually consist of cam-operated valves which 
arc rimed to admit the compressed air to the cylinders 
through automatic air-operated poppet valves. Where 
the distributor valves are located near the cylinders, 
the main compressed-air supply is connected to the 
distributor which delivers it through the air passages 
to each starting valve. The starting valves in this 
case consist merely of spring-closed check valves 
which arc opened directly by the air pressure delivered 
to them in proper sequence by the distributor. Fig. 
14-1 shows a cam-opcratcd distributor valve and Fig. 
14-2 the air-starter check valve from the same engine. 

Where the distributor is located some dist incc from 
the cylinder head, the starting valves are generally 



pilot-operated by the air pressure delivered from the 
distributor. An example of this type of valve is shown 
in Fig. 14-3. In this case, the distributor is connected 
by small air-lines to an air chamber above each start- 
ing valve, containing an operating piston connected 
to the top of the valve stem. The air pressure de- 
livered from the distributor at the proper time acts 
on the top of this piston, which has sufficient area to 
open the valve against the force of its closing spring. 
The main compressed-air supply is delivered to the 
valves through the air-header connection to a passage 
below the balance piston. The pressure of the main 
compressed-air supply, acting on the inner side of the 
valve head, will not open the valve because it is a 
balanced valve. This means that the air pressure also 
acts on the bottom of the valve-stem plunger, which 
has the same area and thus balances the forces. The 
main air supply, therefore, will be admitted to the 
cylinders only when the distributor delivers a pilot 
charge of air to actuate the piston on top of the valve 
stem. In this way, only a small amount of air is used 
to control the valves, and very little pressure is lost 
from the compressed-air supply. 

The tappet of the distributor valve in Fig. 14-1 
rides constantly on the cam. In most engines there arc 
provisions to bring the tappet in contact with the 
cam only during the starting period. This is usually 
done by compressed air. When the engine is running, 
a spring holds the air-distributor valve and tappet out 
of contact with the cam, Fig. 14-4a. But when air is 
admitted through a hand-operated air-start control 
valve to the inside of the plug, air pressure overcomes 
the spring force and pushes the tappet down into con- 
tact with the cam. Fig. 14-4b- The cam in this case 
is a round disk with a flat recess; when the tappet 
goes into the recess, as shown in Fig. 14-4b, the pis- 
ton valve above it will admit air to the check valve 
in the cylinder. When the tappet is pushed up by the 




fiQw 74-3. Air o^fat^d starf9r vah; 
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round part of the disk cam, the air to the check valve 
is cut off. When the engine starts firing, the air-start 
control valve is closed, the air pressure is relieved, and 
the spring pushes the tappet away from the cam as 
shown in Fig. 14-4a. 

1 4-4. Cold-weather starting. Diesel engines arc 
built, generally speaking, to start and to operate 
at an average atmospheric temperature around 70° F. 
When a dicscl engine must be started after it has been 
secured for several hours at a temperature consider- 
ably lower than 70° F, one or both of the following 
may be encountered: 

1. The starting device may not turn the engine fast 
enough to produce the necessary compression tem- 
perature. 

2. Even if the engine is being turned over fast 
enough, the compression temperature may be below 
the required minimum for igniting the fuel. 

Slow turning results from an increase of the viscosity 
of the lubricating oil. Since the frictional resistance 
to turning over of an engine is directly proportional 
to the lubricating oil viscosity, it can be decreased 
only by lowcrmg the viscosity of the oil. The great- 
est friction is in the oil film between the piston and 
cylinder walls and the most effective remedy for over- 
coming it, is to heat the cylinder walls by increasing 
the temperature of the water in the jacket. Some 
small engines intended for cold-climate operation, 
have an electric heater built into the cylinder jacket. 
Another procedure is to admit low-viscosity oil to 
the lubricating-oil pressure pump just before securing 
the engine, in order to obtain a low-viscosity oil- 
tilm between the pistons and cylinder walls. Some- 
times even the lightest dicscl lubricating oil is too 
heavy and it may be necessary to preheat it, or if no 
facilities for preheating arc available, to dilute it 
with kerosene, up to about 10 per cent. 

Low air temperature. Assuming that other factors 
remain constant, the final temperature of compression 
is directly proportional to the initial temperature of 
the air charge. 

Example 14-1, If the initial air temperature is 70* 
F, the final compression temperature in a cold, 
small dicscl engine, with a compression ratio 
14:1, when being turned over at 200 rpm., will 
be about 700*^ F. Find the final compression 
temperature with the same cranUng speed if the 
initial air temperature drops to 40" F. 
As stated in Sec. 2-4, such calculations must be 
made with all temperatures expressed in absolute 
degrees or degrees Rankinc. 

The normal room temperature will be 70 -1-460 
= 530" R, and the compression temperature will 



be 700-1-400-1,160^ R, or an increase of 
1,160^530 = 2.19 times. 

Therefore, with the lower intake tempcramre of 
404-460 = 500' R, the compression temperature 
will be 500X2.19-1,095' R or 1,095-460 = 
635° F. Thus a drop of the intake temperature 
of 30° F lowers the final compression tempera- 
ture by 700—635 = 65'' F, and this may easily 
prevent the ignition of the injected fuel. 

Example 14-1 shows that the influence of a drop of 
intake temperature is comparatively large. 

Methods and devices used in dicsel engines to over- 
come low intake-temperature influence in dicscl en- 
gines may be enumerated as follows: 

1. Electric intake-air heaters. 

2. Electric flame primers. 

3. Glow plugs. 

4. Punks. 

5. Fuel-pump overload devices. 

6. Infection of ether or gasoline into air Intake. 

7. Increase of the compression ratio. 

All these devices are used only in smaller engines 
cranked by an electric motor and batteries. Large 
engines arc kept in engine rooms, where a temperature 
around 70^ F is maintained, and no special devices 
are needed for cold-weather starting. 

Electric heaters for intake air consist of coils of re- 
sistance wire installed in the intake manifold and 
heated by current drawn from the starting storage 
battery. This is a good method and is used rather 
extensively. 

Flame primers consist of a hand-operated fuel-oil 
pump, a fuel spray nozzle, and an electric spark plug 
with a continuous vibrating spark coil. The nozzle 
and spark plug are installed in the engine air-intake 
manifold, thus giving a continuous series of sparks. 
The finely atomized fuel spray is directed against the 
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spark plug electrodes, is ignited, and thus heats the 
air drawn into the engine during the starting. This 
method is quite satisfactory and is rather extensively 
used in several Navy engines. 

Glow plugs are located in the cylinder heads of the 
engines so that the incoming air passes by them. 
They are heated by the current from the storage bat- 
tery and their action is quite satisfactory. Unfortu- 
nately, being in the combustion space during the 
time that the engine is in operation, their thin wire 
soon deteriorates and therefore they are seldom used 
in naval engines. In some engines they are used 
simultaneously with an electrical resistance-wire air 
heater. 

Punks. Some engines have a steel rod which reaches 
into the combustion space opposite the fuel injection 
spray. This rod has an axial hole drilled into its inner 
end and a screw thread on the outer end to hold it in 
place. Before starting the engine, the rod is screwed 
out, a piece of punk is inserted into its cavity, the 
punk is ignited, and then both are placed back into 
the cylinder head. When the engine is turned over, 
the fuel spray strikes the glowing punk and ignition 
of the fuel occurs. This simple arrangement is not 
generally used because only in a few engines can the 
punk be so placed that the fuel spray can reach it. 

Fuel-pump overload devices. Regardless of the method 
by which a diesel oil is produced, it is always a mix- 
ture of different hydrocarbons, some being more vola- 
tile and some less. By increasing the amount of fuel 
injected per stroke, the air-fuel ratio is decreased, 
resulting in an increase in the relative amount of the 
more volatile, more easily ignited fuel particles. This 
method requires changes in the engine construction 
and is used only with a few engines. 

Ether or gas oline for priming is used if the engine does 
not have an adequate cold-weather starting device, 
or in conjunction with an air heater in case of ex- 
tremely cold weather. A very small amount of this 
highly volatile fuel, poured by hand into the air- 
intake opening, will be evaporated by the time it 
reaches the cylinder and will assist the ignition of 
the regular fuel injected into the cylinders. This 
method is effective but dangerous, as even a small 
amount of ether or gasoline is apt to produce exces- 
sive combustion pressures, overstrain the cylinder- 
head studs, and in extreme cases, may wreck the en- 
gine. 

Increased compression ratio. As mentioned before, the 
higher the compression ratio, the higher will be 
the final compression temperature. In some engines 
the combustion chamber is divided into two spaces 



with a connection between which can be closed by a 
valve or cock. When the engine is running, this valve 
is open and the compression ratio is between 11.5:1 
and 13:1. Before starting, the valve is closed and the 
outer space is cut off, increasing the compression 
ratio about four points, or to between 15. 5:1 and 17:1. 
Such an increase of the compression ratio will give 
a final compression temperature increase of about 
150® F, which in most cases is sufficient to insure 
ignition without failure. 

14-5. Reverting. Small diesel engines for boat 
propulsion are usually connected to the propeller 
shaft by means of reverse gears discussed in Sec. 15-^. 
Large diesel engines for ship propulsion, when driv- 
ing the propeller mechanically, are usually direct- 
connected to it, and therefore, must be provided with 
some system of direct-reversing for astern operation. 
For safe maneuvering, the reversing mechanism must 
be capable of quickly slowing down the engine to a 
complete stop and then starting it up in the opposite 
direction. Furthermore, this must be accomplished 
against the action of the propeller, which tends to 
turn it in the original direction by the motion of the 
ship through the water. 
Jhe only satisfactory method forj cvcrsin/y dirccJt- 

£onnecrcd diesel propulsion engines is bv compressed 
ai r in comunction with the air-<;farting system . This 

js accomplished by changing the timing of the air- 
starting valves so that the fomp^^^^^^ ^i«" will 
admitted to the cv ljnf^^r^; m nppnsr the original Hi- 

ejection of rotation. At the same time, the timing of 
the fuel injection and the intake and exhaust valves 
is changed to correspond with the new direction of 
rotation. Thus, as soon as th ^ ^^f^rksb^^^ rnrgrinn i£- 
reverscd. the cng inr will start and pperate in the, 

opposite direction 

When the direction of rotation of the crankshaft is 
reversed, all engine-driven pumps must also be oper- 
ated in the opposite direction. In the case of recipro- 




Figurm 14-S. 

Infakm or mxhaust cam of a dir^ct-rovorsikh ♦n0/n«. 
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eating pumps, this does not make any difference. 
Geared pumps are provided with automatic reversing 
check valves, which, by the pressure of the fluid 
delivered by the pump, keep the discharge piping con- 
nected with that side of the pump, from which the 
fluid is being delivered. Positive displacement blowers 
have either a similar arrangement or change-over 
valves operated mechanically. Centrifugal pumps for 
these engines usually are built with straight vanes, as 
in Fig. 12-8, designed to deliver the sahic amount 
regardless of the direction of rotation. 

Four-stroke engines. When a four-stroke cycle engine 
is reversed, the order of the operating strokes is com- 
pletely changed. The reversing system, therefore, 
must change both the valve timing with respect to 
the crankshaft position, and the sequence of valve 
Operation as well. This is achieved by using a sepa- 
rate set of cams to operate the valves in each direction 
of engine rotation. Ahead and astern cams for each 
valve are provided side by side on the camshaft, and 
one set of cams is brought into operation by the revers- 
ing gear, depending upon the direction of rotation 
desired. There are two general methods used to bring 
the second set of cams into position to operate the 
valve gear for reversing: (1) by sliding the camshaft 
endwise, or (2) by shifting the cam followers. 

When a sliding camshaft is used, the cams arc 
provided with beveled edges or ramps to permit the 
cam followers to slide over them when the camshaft 
moves endwise. An illustration of a cam used with 
this type of camshaft is shown in Fig. 14-5- The force 
to slide the camshaft must be sufficient to overcome 
the pressure of the valve springs which are com- 
pressed when the followers are lifted as the ramps of 
the cams slide under them. The force required for 
sliding the camshaft is usually provided by com- 
pressed air acting on a piston connected to the shifting 
lever. 

In order to reduce the force necessary for sliding 
the camshaft, the cam followers on some engines arc 
lifted clear of the cams while the camshaft slides 
endwise into place opposite the second set of cams. 
The cam followers are then returned to their operat- 
ing position in contact with the second set of cams. 

Instead of sliding the camshaft endwise, some en- 
gines are provided with cam followers which are 
shifted from contact with one set of cams to the 
other while the camshaft remains in place. One such 
arrangement employs double roller followers mounted 
opposite each set of cams on movable links in the 
valve gear as shown in Fig. 14-6. The valve gear is 
designed so that one set of rollers will be in contact 



with the corresponding set of cams for valve opera- 
tion in one direction. To provide valve operation in 
the opposite direction, the reverse gear is arranged 
to swing the movable links in position so that the 
other set of rollers will contact the second set of cams. 

When the cams which control the timing of the air- 
starting valves and the fuel injector are all mounted 
on the main valve camshaft, then the entire reversing 
process can be accomplished by providing a second 
complete set of cams for them to use with one of the 
previous systems outlined. If, however, the air- 
starting and fuel-injection systems are operated sepa- 
rately, then other methods must be employed to 
reverse the timing. 

One method used to change the timing of sepa- 
rately driven air-starting and fuel-injection systems 
is to provide symmetrical cams on the individual 
camshafts which operate these systems. By rotating 
these camshafts a few degrees with respect to the 
crankshaft which drives them, when the engine is 
reversed, the opposite side of the cam will operate 
the air starting and fuel injection in the correct tim- 
ing for reverse engine rotation. 

When these separate camshafts are driven by means 
of helical gears, a simple method of rotating them 
slightly with respect to the crankshaft is to slide 
axially one of the gears which drives them. The 
angle of the gear teeth and the distance the gear 
moves control the number of degrees that the separate 
camshafts are rotated. This method may be used 
where a sliding main-camshaft helical-drive gear, 
drives the separate camshaft gears. When the main 
camshaft and gear slides endwise for reversing, the 
separate camshaft gears are rotated to change the 
timing of the air-starting and fuel-injection system. 

Tuo-stroke engines. While any of the previous 
methods for changing the valve timing of a four- 
stroke engine could be applied to the valve gear of a 
two-stroke engine, a simpler type of reverse gear can 
be employed. Since the port timing is fixed, the tim- 
ing of the air-starting valves, the fuel-injection and 




Figyr9 14-6. Roller-fype reversing gear. 
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Figure 14-7, Rmyfnm g%w with movabh rolUr, 




Pigyr% 14-8, R%¥fsm g*ar wi'fA tcc«nfr/c motion. 



scavenging valves, if used, may be changed merely 
by rotating the cam followers a few degrees with 
respect to the crankshaft, as shown in Fig. 14-7. 
The valve lift in the astern position is less than in the 
ahead position on account of the changed leverage, 
but that is unimportant. It is convenient to reduce 
the reversing angle by one-half, by using a half-speed 
camshaft and a double-nosed cam. Another gear of 
the same type is shown in Fig. 14-8. By turning the 
eccentric fulcrum a througli an angle B, the roller h 
is displaced from the ahead position to the astern 
position In the neutral position the roller docs 
not touch the cam. 

Where the camshafts are gear-driven from the crank- 
shaft, they may be rotated with respect to the drive 
gear by means of sliding helical gears or splines. 
When they are cham-drivcn, the timing of the cam- 



shafts with respect to the crankshaft is changed by 
movable idler sprockets which shorten the effective 
chain on one side while lengthening it on the other 
side of the drive sprocket. 

In an opposed-piston engine, the crankshaft con- 
nected to the pistons which control the exhaust ports 
is set ahead of the other crankshaft connected to the 
pistons controlling the scavenge parts by several 
degrees of rotation when operating in the normal 
ahead direction. The crankshafts are geared together 
in this fixed relative position, and when the engine is 
reversed, the crankshaft controlling the exhaust 
ports will lag behind the crankshaft controlling the 
scavenging air ports. This condition is not desirable 
for best performance. However, it can be tolerated 
for less than full-power operation astern. The reverse 
gear in this case changes only the timing of the air- 
starting valves and of the fuel injection to provide 
astern operation. 

1 4^. Problems. 1. With the outside air tempera- 
ture 65** F, the final compression temperature in a 
small engine that is cold, when being turned over, 
will be about 705° F. Find the final compression tem- 
perature if the outside temperature is 32° F. Ans. 
632° F. 

14-7. Questions. 1, What methods arc used for 
starting Navy diesel engines? 

2. What is the reason for using d.c. motors in Navy 
diesel electric-starting systems? 

3. What Navy diesel engines are equipped with 
compressed-air starting? 

4. What are the difficulties in starting a diesel 
engine exposed to a low temperature? 

5. What methods arc used to help start diesel en- 
gines under cold-weather conditions? 

6. Why does a decrease of the combustion space 
help in cold-weacher starting of a diesel engine? 

7. What method is used to reverse the direction of 
rotation of a direct-reversible diesel engine? 
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CLUTCHES AND GEARS 



15-1. Definitions. A device to connect two shafts 
so that they will act as one is called a coupling. A 
device to connect or disconnect at will a part which 
transmits power, such as a gear, pulley, etc., to or 
from a rotating shaft is called a clutch. If two shafts 
must be connected or disconnected while in operation, 
the device to be used has the features both of a cou- 
pling and a clutch and is called a clutch coupling. 
However, in practice such a device usually is called 
simply a clutch^ as for example, the connection be- 
tween the engine shaft and the drive shaft in an 
automobile. 

Gears. The word gear has many meanings, even in 
connection with machinery. One meaning, very often 
used, refers to a wheel with teeth meshing with a 
second similar wheel and used to transmit power. 
Another meaning refers to an auxiliary mechanism 
that performs a definite function in a complete ma- 
chine, such as valve gear, discussed in Chapter 8. A 
third meaning refers to a combination of toothed 
wheels or gears used as a unit and transmitting a 
torque, usually with a change of speed or direction of 
rotation, such as a reduction gear or reverse gear. 
The present chapter deals with the latter type of 
gears. 

Clutch couplings or simply clutches are used on direct- 
propulsion Navy dicsci engines for the purpose of 
disconnecting the engine from the propeller shaft 
when needed. In small engines, clutches are usually 
combined with reverse gears used for maneuvering of 
the vessel. In large engines, special types of clutches 
arc used to obtain special coupling or control char- 
acteristics and for the prevention of torsional vibra- 
tion. The types of clutches used with Navy dicsci 
engines are: 

1. Friction clutches. 

2. Pneumatic clutches. 

3. Fluid or hydraulic clutches. 

4. Electro-magnetic clutches. 



15-2. Friction clutches. Usage. Friction clutches 
are commonly used with smaller, high-speed engines, 
up to 500 hp. However, certain friction clutches, in 
combination with a jaw-type clutch, are used with 
engines up to 1,400 hp., and pneumatic clutches, with 
a cylindrical friction surface, with engines up to 
2,000 hp. 

Action. In friction clutches in use with Navy diescl 
engines, the torque is transmitted from the driving 
shaft to the driven shaft through friction created by 
an axial force which produces contact between two 
or more surfaces. The friction surfaces may be either 
flat, Fig. 15-la, or conical, Fig. 15-lb. The advan- 
tage of a conical surface is that a given axial effort 
produces a greater clutch-engaging pressure due to 
the wedging action of the cone angle a. This permits 
the use of a clutch with a relatively smaller diameter. 
The wedging action increases with a decrease of the 
angle a. However, a very small angle requires a large 
axial motion to engage and disengage the clutch, and 
considerable effort is necessary to disengage it when 
the clutch is running. Greater capacity in a given 
diameter of a plate clutch is obtained by the use of 
two or more parts of friction surfaces, as shown in 
Fig. 1 5-2. In this case, all plates are made so that they 
can slide axially, but one plate in each pair turns with 
one shaft and the other with the housing which is 




W (b) 
Ftgw 15-1, Typ^ of friction dutches. 
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Figw% 15^2, Mvlti'plaf9 frUfion chfclu 

secured to the other shaft. With the same axial en- 
gaging effort, the torque transmitted by a multi-platc 
clutch is directly proportional to the number of pairs 
of friction surfaces. Similarly, cone clutches arc 
often made with two cones, as in Fig. 15-3, thus 
doubling their capacity. Finally, there are clutches 
in use with both cone- and plate-friction surfaces in 
the same housing. 

Types, Friction clutches can be classified into dry 
and u/et types, depending upon whether the friction 
surfaces operate dry or with a lubricant. The designs 
of both types are similar, except that the wet clutches 
require a larger friction area because of the reduced 
friction coefficient between lubricated surfaces. The 
advantages of wet clutches are smoother operation 
and smaller wear of the friction surfaces. Wear occurs 
due to slippage between the surfaces which takes 
place not only during engagement and disengagement, 
but to a certain degree during operation as well. 
Some wet-type clutches are filled with oil which is 
charged only periodically; in other clutches the oil is 
circulated continuously, being a part of the engine- 
lubricating system. Such a friction clutch must in- 
corporate provisions which will prevent worn-off 
particles from being carried by the circulating lubri- 
cating oil to the bearings, gears, etc. 

Friction surfaces. The friction-surfaces arc usually 
made of different materials, one being of cast iron or 
steel; while the other is lined with some ast>estos- 
base composition or sintered iron or bronze for dry 
clutches, and made of bronze, cast-iron, or steel for 
wet clutches. Cast-iron surfaces arc to be preferred 
because of their better bearing qualities and greater 
resistance to scoring or scuffing. Sintered blocks arc 
made of finely powdered iron or bronze particles 
molded in forms to the desired shape under high tem- 
perature and pressure. 

Enga^in^. The application of force-producing fric- 
tion is obtained either by mechanically jamming the 
friction surfaces together by some toggle-action link- 



age, or through stifle springs of the coil, leaf, or flat- 
disk tvpe, as commonly used in automotive clutches. 
The use of springs has the advantage of providing an 
automatic wear-compensating feature, and reduces 
the frequency of necessary clutch adjustment. Friction 
clutches may be operated by hand or by hydraulic, 
pneumatic y or vacuum methods. 

Hand-operated clutches usually have a long lever in 
order to reduce the necessary effort. Fig. 15-3 shows 
a hand-operated, double-cone, wet-type clutch. A 
description of this clutch will give an idea of the 
operation of a friction clutch in general. The clutch 
consists of a housing made in two sections, 2 and 7, 
forming an oil- tight covering for the two opposed 
cones, 3 and 4, whose large ends face each other. The 
housing is secured to the jacking gear 10, which is 
bolted to the crankshaft flange by fitted bolts 11. 
The weight of both cones is carried on the after or 
motor shaft. These cones are mounted on hollow 
steel pins 19, with a sliding fit. The pins 19 are 
pressed into the spider 5 and dowelled in place. The 
spider is secured to the motor shaft by two keys, a 
taper fit, and locknut 6. 

This clutch has no lining but steel -to-stecl friction 
surfaces. When in the engaged positions, the cones 
arc pushed apart by four heavy, curved, leaf springs 
22, which arc connected to cone 4 by pins 8, and to the 
slidmg sleeve i through toggles i3 and rollers 16 
with bolts and pins 17 and 18. 

The sleeve 1 is operated by a shifting collar 14 y 
made in half sections and lined with a white-metal 
bearing surface. Collar 14 is operated by two arms 
supported by a shaft, which rests in brackets secured 
to the engine room floor. To engage the clutch, 
sleeve I is pushed toward the clutch by collar 14; 
the rollers 16, at the end of the sleeve, deflect the inner 
end of the toggles i3, and this in turn tends to shorten 
the springs 12. This engaging force is at its maximum 
when the center of pin 18 is in line with the centers 

10 II 
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Figurm DovbU'Conm friction cIvUh. 
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Figw 15-4. PifumafU clutch. 



of pins 17 and 8, After the center of pin IS has passed 
this hnc, the force that pushes the two cones apart 
and toward the housing will be slightly relieved but 
the springs will still press the cones against the hous- 
ing. Only when an outside force is applied, which 
will move the center of pin 18 across the line between 
the pins 17 and will the two cones be drawn to- 
gether by the springs 72, acting the same as straight 
links. Adjustments for wear arc made by turning 
eccentric bushings which support the pin 77; this 
changes the distance between the centers of pins 17 
and 8. Some other friction clutches^ used in combina- 
tion with reverse gears, arc shown in Figs. 15-10 
and 15-11. 

Hydraulic operation. The engaging force in hydrau- 
lically operated friction clutches is applied by a piston 
which travels in a cylinder pushed by oil under pres- 
sure. The source of the oil pressure may be cither a 
special pump or the cnginc-Iubricating oil system. 

Pneumatic clutches. One type of pneumatic or air- 
operated clutch is shown in Fig. 15-4. The clutch is 
of the multi-plate design with four pairs of friction 
surfaces. The two plates splincd to the cover, which 
is keyed to the engine or input shaft, arc made of 
molded asbestos to obtain a higher coefficient of fric- 
tion. The floating center plate and the end plate arc 
of cast iron and arc splincd to the hub which is keyed 
to the propeller shaft. The air cylinder is part of the 
end plate and the piston is secured to the clutch hub. 
When the air pressure is released, four cylindrical 
springs push the end plate away from the friction 
plate. Air pressure, 80 to 90 psi., for operation of 
this clutch is supplied either by an engine-driven 
compressor or by a separate compressor, and is ad- 
mitted from the hollow shaft with a hole drilled in it. 



In this type of clutch, it is important to have a con- 
stant and reliable air pressure. A partial failure of the 
air supply may cause the clutch to slip and be over- 
heated and damaged. 

Another type of pneumatic clutch consists of a tire- 
like rubber gland, the outside of which is fastened to a 
drive flange and the inside is bonded to a friction fac- 
ing, Fig. 15-5- The engine shaft carries a cylindrical 
drum, not shown on the drawing. When compressed 
air is admitted inside the rubber gland, the friction 
surface is pressed against the drum, thus engaging the 
clutch. 

In clutches directly engaged by oil or air pressure 
as discussed above, no wear compensation is necessary 
and the engaging force is not changed by wear. 

Vacuum-operated clutches are mechanical clutches 
having an external linkage operated by a vacuum 
piston and <;ylindcr. The vacuum must be supplied 
by a separate vacuum pump. 

The main advantages of hydraulic, pneumatic, or 
vacuum control of friction clutches are that they may 
be operated with a minimum of manual effort and 
that remote control is greatly simplified. While 
mechanically operated clutches may also be remotely 




Figure 75-5. AirfUx clutch. 
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controlled by means of suitable linkages, such control 
is more difficult because of an increase in shifting 
forces required due to the friction in the linkage, or 
because of the complication of the required external 
mechanical linkage. 

15-3. Hydraulic clutches. The principle of oper- 
ation of a hydraulic clutch or coupling may be demon- 
strated by two electric fans facing each other. If one 
fan is turned on, the other fan will begin to rotate 
from the energy contained in the air stream of the 
first fan and it will finally attain almost the same 
speed as the first fan. 

A sectional view of a typical hydraulic clutch is 
shown in Fig. 15-6. The unit shown is supplied 
with lubricating oil from an external pump, and 
means arc provided for a rapid removal of the oil 
when declutching. The impeller, or driving member 
is secured to the driving shaft. The runner, or driven 
member is secured to the driven shaft. A housing is 
bolted to the runner to enclose the back of the impeller 
and retain the working fluid. Annular core or guide 
rings of semicircular section are mounted in the 
impeller and runner to guide the working fluid. 
The impeller and runner are provided with a series 
of radial vanes, as shown in the upper view of Fig. 
15-6. The working fluid, a mineral oil of 180 to 
200 S.S.U. viscosity, is admitted to the impeller or 
primary wheel from an external pump. Rotation of 



the impeller causes the fluid to be thrown outward 
radially by centrifugal force to its outer rims from 
where it passes radially inward. The flow path of the 
fluid then resembles a coil spring bent into a circle. 
Transmission of power is cfl^ected by the release of 
kinetic energy in the impeller, acquired when the oil 
flows toward the rim. When the fluid flows radially 
inward between the vanes of the runner or secondary 
wheel, the kinetic energy is returned, transformed 
into work, and turns the runner and its shaft. Rapid 
declutching may be accomplished by opening the 
ring valve 1 which covers a series of ports in the 
runner cover. This permits the fluid contained in 
the clutch to be thrown out by centrifugal force. 

Hydraulic couplings are similar in design to hy- 
draulic clutches. The major difference is that the 
operating fluid is permanently contained in the unit 
and there is no provision for declutching while in 
operation. 

Because of the losses due to mechanical and fluid- 
friction, the runner, or driven member, turns at a 
slightly lower speed than the impeller, or driving 
member. The difference in speed is directly propor- 
tional to the losses and is therefore a measure of the 
eflSciency of power transmission. The efficiency of 
hydraulic clutches and couplings, under conditions 
of rated load and speed, is usually from 95 to 97 per 
cent. 

The main advantages of hydraulic clutches or cou- 
plings are: 

1. They can be used with engines of any power 
output. 

2. Transmission of torsional vibration between en- 
gine and propeller shaft is prevented. 

3. They protect the engine and reduction gear from 
sudden shock loads which may occur either as a result 
of piston seizure or fouling of the propeller. 

4. The relatively large clearance between the rotat- 
ing members simplifies alignment. 

PRIMARY ROTOR 
SECONOARr ROTOR 
, FAN 

SUP RINGS 





POLE WINDINGS 

TO SUP RINGS 
DC SOURCE 

Figttrm 15^7, PrincipU of •/•cfWc covpling. 
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15-4. Electro-magnetic clutches. The action of an 
cicctro-magnctic slip clutch, often referred to simply 
as cither electric or magnetic clutch, is similar to the 
action of an electric induction motor. It is called a 
slip clutch because there is always some slipping be- 
tween the driving and driven members. The speed of 
the driven shaft is slightly lower than that of the 
driving shaft. The principal parts consist of an outer 
member or field. Fig. 15-7, also called the primary 
rotor, surrounding an inner member, called the arma- 
ture or secondary rotor. The magnetic flux between the 
two provides the force that rotates the secondary 
rotor. The field is rigidly mounted on the engine 
crankshaft while the armature is mounted on the 
driven shaft. An air gap of ample size separates the 
two parts of the coupling which fit together con- 
centrically. The exciting direct current is introduced 
to the field through collector rings and brushes. This 
sets up a magnetic flux which holds the inner member, 
and with it, the driven shaft in a practically constant 
position to the primary rotor. 

The advantages of a magnetic clutch are similar to 
those listed for the hydraulic clutch. In addition, 
by ad justing the strength of the exciting current, very 
fine speed control of the driven shaft may be obtained 
and the propeller shaft may be operated at very low 
speeds, as in maneuvering. 

The efficiency of magnetic couplings, including the 
power required for excitation, ranges from 95 to 98 
per cent. The excitation power is about one per cent 
of the transmitted power. 

Remote control of magnetic clutches is particularly 
simple, regardless of distance, as only fine wires arc 
needed for connections. 

15-5. Reduction geon. For minimum weight and 
size for a given power output, diesel engines must 
have a relatively high rotative speed. On the other 



hand, for maximum efficiency, propellers must rotate 
at a relatively low speed, particularly where high 
thrust capacity is desired, as in a towing vessel. 
Reduction gears are used to correlate these two con- 
flicting requirements and thereby, to obtain a low 
propeller-shaft speed with a high diesel engine speed. 
Ordinarily reduction gear ratios do not exceed 3*1, 
although reduction ratios up to 6 :1 are sometimes used. 

Reduction gears are classified according to the type 
and arrangement of the gears used. They may be: 

1. External -gear type. 

2. Internal -gear type. 

3. Planetary-gear type. 

The txtemal-gear type unit. Fig. 15-8a, consists of a 
bull gear or driving gear, which mates with a pinion 
gear or pinion mounted on a parallel shaft. The term 
pinion is applied to the smaller of a pair of mating 
gears, the larger one being called simply the ^tar^ 
regardless of which of the two is the driving and 
which the driven part. Either straight, helical, or 
herringbone gear teeth are used. Helical teeth give 
a smoother engagement, more teeth in engagement 
at once, and quieter operation, as compared with 
straight-cut gear teeth. A drawback is an axial thrust 
developed by the inclination of the teeth. With 
herringbone gears, which are the same as a pair of 
helical gears of opposite helix angles placed side by 
side, all the advantages of helical gearing are retained 
and the V-shape of the teeth eliminates axial move- 
ment and thrust. 

In general the spud ratio is found by dividing the 
number of teeth in the driven gear by the number of 
teeth in the driving gear. 

, teeth number of driven 

Speed ratio = — — in 

teeth number of driver (15-1) 

If the number of teeth in the driving gear is smaller 
than in the driven gear, the quotient will be f^rtattr 




Figw% 15-8. Typms of r^ucHon 9#«ff. 
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/han one and the result will be a speed reduction. If the 
number of teeth in the drive is greater than in the 
driven gear, the quotient will he smaller than one and 
the result will be a speed increase^ as found often in 
centrifugal pump drives. The examples will show the 
customary way of presenting the results. 

Example 25-1. What is the speed ratio if the 
driving pinion has 12 teeth and the driven gear 
33 teeth? 

By defin 1 1 ion (15-0: Speed ratio = 33 -i- 12 =» 2.7$:1. 
This is a speed reduction of 2.75 to 1. 

Example 13-2. What is the speed ratio if chc 
driving gear has 33 teeth and the pinion has 
12 teeth? 

By expression (15-1): Speed ratio- 12 -^33 = 
1:2.75. In this case the speed is increased 2.75 
times. 

The internal-gear type unit consists of a pinion gear 
which mates with a gear having teeth on the internal 
cylindrical surface and mounted on a parallel shaft, as 
shown in Fig. l5-8b. Either straight- or hclical-cut 
gear teeth are used. This type of reduction gear re- 
quires a smaller offset of the propel Icr-shaft ccntcrlinc 
from the input shaft than the external gear units for 
a given reduction ratio. Also, both shafts turn in the 
same direction, whereas with an external reduction- 
gear train they turn in opposite directions, as shown 
in Fig. l5-8a. However, its design usually requires 
an overhung driving pinion, i.e., one which is sup- 
ported on only one side by a bearing, thereby per- 
mitting greater shaft deflection under load and result- 
ing in more noise and wear. These reduction gears 
are usually installed only on engines of relatively 
low power. 



One type of planetary reduction gear consists of a 
driving or input gear 7, Fig. 15-9, which meshes with 
three identical idler pinions 2; these in turn mesh 
with one half of the long idler pinions 2, whose other 
halves are in mesh with the driven or output gear 4. 
The speed reduction is equal to the ratio of the num- 
ber of teeth in gear 4 to the number of teeth in gear i; 
the number of teeth in the idler pinions do not have 
any influence. As can be seen, the output gear rotates 
in the opposite direction to the input gear. The name 
planetary is used because, as first applied, a similar 
combination of gears and idler pinions was rotating, 
and resembled to a certain extent the movements of 
the planets. 

The input and output shafts are on the same center- 
line, which permits a very compact unit for a specified 
reduction ratio. However, the disadvantages of this 
type of gear arc its complicated construction, the in- 
creased number of operating parts, and the resulting 
increase in friction Joss. 

Lubrication of reduction gears is by the splash sys- 
tem in small units, and by oil under pressure from a 
built in pump in large units. Cooling of the lubricat- 
ing oil may be either by water jacketing of the gear 
case, or by use of an oil cooler, or both, 

1 5-6. Reverfe gears. Reverse gears arc used on ma- 
rine diesci engines to reverse the direction of rotation 
of the propeller shaft when maneuvering the vessel, 
without changing the direction o£ rotation of the 
diesel engine. They are used principally on relatively 
small engines, usually those of not over 500 or 750 hp. 
If a high-output diesel engine has a reverse gear, the 
gear is used for low-speed operation only, and does 
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not have full-load and full-speed capacity. For 
maneuvering vessels with large direct-propulsion. en- 
gines, the engines themselves are reversed, as dis- 
cussed in Sec. 14-5. 
There arc two general types of reverse gears, 

" selective y and planetary. 

Selective reverse gear. A sclectivc-type reverse gear 
consists of two separate but similar drives which may 
be alternatively driven from the engine shaft by en- 
gaging one of the two friction clutches. The forward 
drive consists of a hollow outer shaft, Fig. 15^10, 
with a clutch plate hy which can be engaged with the 
engine shaft. The power in this case is transmitted 
to the propeller shaft through gears / and 2, and the 
propeller shaft rotates in the opposite direction to the 
engine shaft. When the engine shaft is disengaged 
from clutch h and engaged through clutch s to the 
solid inner shaft, the power is transmitted from pinion 
3 through idler gear 4 to gear 5 on the propeller shaft. 
The propeller shaft, therefore, rotates in the same 
direction as the engine shaft, but in the opposite or 
reverse direction to which it formerly turned, and 
ahead drive now becomes an astern drive. This re- 
verse gear is generally used also as a reduction gear 
by having a greater number of teeth in gear 2 than in 
gear i, and also in gears 5 and 3 respectively. The 
number of teeth in the idler gear 4 does not influence 
the speed ratio. 

Fig. 15-11 gives one example of such a combined 
selective reverse and reduction gear. The floating 
plate is shown in its neutral, disengaged position. 
When the shifting collar is moved to the right, to- 
ward the engine, the lever with the inverted V-ends 
will pull the neutral plate toward the clutch cover and 
engage the ahead-drive friction plate secured to the 
hollow drive shaft. The propeller shaft will then 

. begin to turn in its ahead-drive direction. When the 




E I 



shifting collar is moved away from the engine, it acts 
on the other end of the V-lever pushing the floating 
plate against the astern-drive friction plate, engaging 
the inner solid shaft and thus giving the propeller 
shaft its astern-drive rotation. The clutch compart- 
ment of this gear operates dry and the reduction gear 
has a self-contained lubricating-oil sump from which 
the gears and bearings are lubricated by splash. 

Planetary reverse gear. A planetary reverse gear con- 
sists of: a housing with a planetary reduction gear in 
it, as shown in Fig. 15-9; a clutch to connect the input 
and output shafts directly during the ahead drive; and 
a brake by which the rotation of the gear housing can 
be stopped after the clutch is disengaged . With the gear 
housing standing still, the propeller shaft will begin 
to rotate in the opposite direction, as shown in 
Fig. 15-9. 

A typical planetary reverse gear is shown in ahead- 
drive position in Fig. 15-12. To obtain the ahead 
drive, the engine, or input shaft, is engaged with the 
driven shaft by moving the shifting collar to the 
right, away from the engine end of the unit. The 
toggle linkage 33 will push the toggle plunger to the 
left and press together the plates of the plate clutch. 
Since alternate plates i3 of this clutch arc splined to 
the driven shaft gear, and plates II to the gear hous- 
ing, engagement of the plate clutch locks the gear 
housing and gear cage 4 to the propeller shaft. Simul- 
taneously the cone clutch and its flat surface are en- 
gaged by the same toggle action. As the cone J is 
splined to the input-shaft gear, the gear cage which 
contains the spindles with the idler pinions, thus 
becomes locked to the input shaft, thereby transmit- 
ting the power of the input shaft to the propeller 
shaft. 

In reverse drive, both plate and cone clutches arc 
disengaged. The reverse brake band is clamped 




sec. x-i sec. ir-s 



Figurm 15-10, S»/#c#/y* rmvr$m and r^vefion gmar. 
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around the gear cage, preventing its rotation. The 
input-shaft gear then drives the three short pinions 7. 
The short pinions drive the long pinions (not shown), 
which in turn drive the driven-shaft gear. Thus, the 
drive from the input shaft to the driven shaft is 
through the idler pinions, giving a reversal of shaft 
rotation. 

In neutral, the plate and cone clutches and the brake 
band are all disengaged, resulting in free rotation of 
the gear cage and pinions. 



The friction clutches are of the wet type and run 
in oil which also lubricates all gear teeth and bearings. 

15-7. Problems. 1. Find the speed ratio for a 
gear train in which the driving pinion has 25 teeth 
and the driven gear 51 teeth. Ans. Reduction 2.04 
tel. 

2. Find the number of teeth of the gear to be keyed 
to the shaft of a centrifugal pump to run it at 1,350 
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rpm., if the speed of the drive shaft is 1,200 rpm. and 
the driving gear has 27 teeth. Ans, 24. 

3. Find the speed of the propeller shaft driven 
through a reduction gear, Fig. 15-9, if the speed of 
the driving shaft is 2,200 rpm., pinion 1 has 24 teeth, 
pinions 2 have 23 teeth, pinions 3 have 21 teeth, and 
gear 4 has 48 teeth. Ans, 1,100 rpm. 

4. Find the speed ratio of the reverse gear, Fig. 
15-10, if the driving pinion 1 has 28 teeth, the idler 
pinions 3 and 4 have 25 teeth each and the gear 5 has 
35 teeth. Am. Reduction 1.25 to 1. 



15-8. Questions. 1. What types of clutches are 
used with Navy diesel engines? 

2. What are the advantages of wet-type friction 
surfaces? 

3. What methods of operating friction clutches arc 
in use? 

4. What are the main advantages of a hydraulic 
dutch or coupling? 

5. What arc the advantages of a magnetic clutch? 

6. Enumerate the types of reduction gears in use. 

7. What are the two main types of reverse gears? 

8. What types of friction clutches arc used in con- 
nection with a planctary-typc reverse gear? 
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CHAPTER 16 

. ENGINE MECHANICS 



16-1, Piston and cranic travel. The movements of 
the piston arc transmitted to the crankshaft by means 
of a crosjheady in most cases incorporated in the piston, 
the conmcting rod and the crank. By these three mem- 
bers the forward and back motion of the piston, calleji 
reciprocating motion^ is transformed into rotary motion. 
For all practical purposes, the travel of the crankpin 
can be considered to be a uniform motion along a 
circle described with the radius R equal to the length 
o£ the crank-throw. 

For convenience of presentation, Fig. 16-1 shows 
the motion of a piston along a horizontal line. If the 
connecting rod, instead of being L inches long, were 
infinitely long, then, at all positions of the crank, the 
connecting rod could be considered to remain parallel 
to the cylinder center line w-c, Fig. 16 1. In this 
case, at any position 1-c of the crank, the travel of the 
small end of the connecting rod from top-center posi- 
tron m along the ccnterline would be equal to the 
distance cut off by the crank circle and the per- 
pendicular i-j, drawn through the position of the 
crankpin. 

The actual position of the small end of the rod, 
when it is L inches long, and of the piston, can be 
found by putting one leg of a compass at point 1 and 
swinging the compass with a radius equal to L to the 
intersection p with the horizontal centerlinc. The 
distance m-p will be the piston travel when the crank 
has traveled the angle a. On the other hand, putting 
one leg of a compass at point p and swinging the other 
leg to intersect the centerlinc at / will give the same 
distance 0't=m-p. The additional travel s-t is caused 
by the finite length L, or by the angularity of the con- 
necting rod and is due to the connecting rod being 
inclined at an angle b instead of being parallel when ic 
has an infinite length. 

Thus, the angularity of the connecting rod during 
the first 20*^ of crank motion from the left or top 
center, increases the length of travel of the piston as 



compared with an infinite connecting rod. Conversely 
the angle of crank travel is smaller than with an 
infinite connecting rod. Thus, for the mid-position 
of the piston, the crank angle ^2 is smaller than 90°. 
Evidently the total piston travel or stroke m-n = 
07=2R. 

16-2. Piston speed. While the crankpin travel is 
uniform, and has a constant velocity, the piston 
travel is not uniform and the piston speed constantly 
varies. At each dead center, the piston comes to a 
standstill, its speed becomes zero; as the piston be- 
gins to move, the speed gradually increases and 
reaches a maximum when the angle a. Fig. 16-1, 
formed by the crank and the cylinder centerlinc, is 
equal to 90°. After this position, the piston speed 
begins to decrease and at the dead center again be- 
comes zero. 

For many calculations, it is necessan^ to know the 
average or mean piston speed, or the constant speed 
with which the piston must move to travel the same 
distance in the same time as it travels with the actual 
variable speed. From the definition of velocity, this 
speed will be expressed as the distance traveled divided 
by the time in which it is traveled. It is customary to 
express the piston speed in ft./min. The distance 
traveled by the piston in one revolution is evidently 
two strokes. The piston stroke is usually measured 




Figure 16^1. Crank and piston frav^L 
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in inches. Dividing the stroke by 12 to change it to 
feet, and multiplying it by the number of revolutions 
per minute, or rpm., and cancelling out two, the dis- 
tance traveled in one min. will be strokeXrpra. -J-6; 
and at the same time, according to the definition of 
velocity, this will be the mean piston speed, usually 
called simply pijton speedy or, briefly, 

Piston speed = stroke X rpm. -r 6. (16-1) 

Example 26-1. Find the piston speed of an 
%l 2X10^4 engine runnmg at 7S0 rpm. 
According to expression (I6-I): 
Piston speed = 10.5x750-5-6= 1,313 ft/min. 

In present dicscl engines the piston speed varies from 
1,000 to about 2,000 ft. /min. 

16-3- Inertia. Inertia is the resistance of a body 
to a change of motion. It is the tendency of an object 
to remain at rest if it is stationary, or to continue to 
move if it is moving. Inertia as such cannot be meas- 
ured directly; however, it can be expressed in terms of 
the force which must be applied to a body in order to 
change its velocity. As with any force, inertia forces 
are expressed in pounds. Since the change of velocity 
is called acceleration, therefore, inertia may be de- 
fined also as being equal to that force which must be 
applied to a body in order to impart to it a certain 
acceleration, either to speed it up or to slow it down, 
as the case may be. Numerically, the force of inertia 
f , is equal to the weight of a body W, divided by the 
acceleration of the force of gravity, ^ = 32.2, and mul- 
tiplied by the acceleration which is imparted to 
the body. 

Inertia force =(weight^32.2)Xaccelerarion 
or F=OV'i-g)a (16-2) 

Example 16-1. Determine the force of inertia of a 
boay which weighs 12 lbs. and moves uniformly 
with a velocity of 15 ft. /sec., if it is desired to 
stop the body in 2 seconds. 

The acceleration, or since in this case it is nega- 
tive, the deceleration per second must be, tf-i- 
15-^2=7.5 ft /sec, and the negative accelera- 
tion force of f will be: 

f =(l2-h32.2)X7.5-2.8 lbs. 

This means that if a steady force of 2.8 lbs. is applied 
to the body against its motion, the body w^ill be 
brought to rest at the end of two seconds. 

Equation (16-2) and the above example show that 
the force of inertia of a body is not a fixed but a 
variable quantity. The force of inertia of a body 
depends upon the acceleration which is applied to the 
body, or in other words, upon the rate of change of 



its velocity. The smaller the time during which a 
change takes place, the higher is the required acceler- 
ation and the greater becomes the force of inertia. 

16-4. Inertia loads. As stated before, a change of 
velocity of a body cannot take place unless a certain 
new force is applied which will produce an accelera- 
tion or deceleration of the body, as the case may be. 
The force which must be applied is necessary to over- 
come the inertia of the body and can be computed 
by expression (16 2). 

In the case of piston motion, the weight W in 
expression (16-2), means the weight of all parts 
connected to the piston and reciprocating with it, 
including part of the weight of the connecting rod 
When the piston starts its travel from the top dead- 
center, its velocity is zero and the acceleration a in 
expression (16-2) has a maximum value. The force F 
must be taken from the uniformly rotating crankshaft 
through the connecting rod. Normally, the function 
of a piston is to furnish the force which docs the work. 
Therefore, when the force is furnished from another 
source, such as the crankshaft, the force in respect to 
the useful piston forces is negative, or acting in the 
opposite direction. 

As the piston begins to move and its speed increases, 
this negative force begins to decrease. When the 
piston speed reaches its maximum, slightly before the 
mid-position of the piston, this force becomes zero. 
After that the velocity of the piston begins to decrease 
and the force of inertia begins to act in the reverse 
direction, becomes positive, helps the piston to de- 
liver power to the crankshaft, and gradually increases 
in its value. When the piston reaches the bottom 
dead-center, the force of inertia reaches another 
maximum. When the piston stops, the force of inertia 
becomes zero, and when the piston starts on the re- 
turn stroke, the force of inertia will have the same 
value but will act in the opposite direction, thus 
becoming negative. During the return stroke the 
force of inertia will undergo the same changes as on 
the down stroke, but will be in the opposite direction. 

The influence of inertia can be presented very clearly 
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Figuf 76-2. Forc«f of in%rfia, psi. 
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using the p-V diagram. Instead of using the total 
force of inertia in lbs., it is convenient to refer the 
force to one sq. in. of the piston area by dividing the 
force by the piston area. The result will be expressed 
in psi., or in the same units as the pressure in an 
indicator diagram. The piston travel will be repre- 
sented by the abscissas, which, as explained in 
Sec. 6-1, at the same time are proportional to volumes, 
and the diagram is therefore, a p-V diagram. 

Fig. 16-2 gives such a diagram, the curve i-2 being 
for the downward stroke and 3-^ for the return stroke. 
The positive forces, or rather pressures, are shown by 
ordi nates from the zero-pressure line upward, the 
negative pressures from the same line downward. 
Although separate areas, such as 1-q-M-l, or q-l-N-q 
represent work absorbed or done by the piston, the 
net result must be zero-work and can be neither lost 
nor created. Therefore, the negative area 1-q-M-l 
must be equal to the positive area q-l-N-q^ and the 
same is true for the return stroke. 

The forces of inertia are applied to the wrist-pin 
and crankpin bearings, and from the crankpin to the 
main bearings. The forces applied to bearings arc 
commonly called hearing loads ^ and therefore, the 
forces of inertia arc referred to as inertia loads, 

16^5. Net-effort diagrams. The forces or loads 
applied to the engine bearings come from the gas 
pressures and from the inertia loads. The combining 
of these forces gives the so-called net-ejfort diagram. 
The diagram is obtained first by plotting the pressure 
from an indicator diagram of the consecutive strokes of 
the piston. When the pressures are acting in the safm 
direction as the piston motion, they are considered 
positive^ and when they arc acting against the direction 
of piston motion, they are considered negative. Posi- 
tive pressures are plotted above the zero-pressure line, 
negative pressures below it, the same as with inertia 
pressures. Fig. 16-2. In this case, the atmospheric 
line is used as the zero-pressure line. 

The indicator diagram of Fig. 6-7, rcplotted in this 





Figure 16^. Torque, 

manner is presented in Fig. 16-3, with light lines. 
After that, the pressures of inertia, such as shown in 
Fig. 16-2, computed for the same engine and drawn 
to the same spring scale as the indicator diagram, arc 
plotted on Fig. 16-3 for the same consecutive strokes, 
using dot and dash lines. Finally, the pressures for 
the various consecutive points arc combined; when 
the two pressures for a certain point have the same 
sign, whether positive or negative, they arc added, 
and when at a certain point they have different signs, 
the smaller is deducted from the greater and the sign 
of the greater retained. The combined or resultant 
pressure lines arc entered in Fig. 16-3 as heavy lines. 
The vertical distance from any point on the final 
curve to the zero-pressure line, multiplied by the 
spring scale, will give the net pressure at this point 
of the stroke in psi., and multiplied by the area of 
the engine piston, sq. in., will give the net cfforc or 
load acting on the piston. 

16-6. Torque. Torque is the effect which rotates 
or tends to rotate a body. In order to produce rota- 
tion of a free body, there must be two equal and oppo- 
site forces acting along parallel lines but at separate 
points of the body. These two forces form what is 
known as a couple. The perpendicular or shortest 
distance between the lines of action of the forces is 
called the arm of the couple. The magnitude of the 
couple, called the moment of the couple, is expressed 
as the product of one of the forces, multiplied by the 
length of the arm of the couple. 

When a body rotates about the point of application 
of one of the forces of a couple, as on a fixed pivot, 
the arm of the couple is known as the lever, and the 
turning moment is called the torque. If the lever is 
fastened to a rotating shaft, it is called a crank. 
Fig. 16-4 shows diagrammatically a force f, acting 
perpendicularly to a crank having a length /, from the 



Figuf 16-3. 

Nmf'9fforf diagram for a single-cylinder engine, p-v. 
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center of rotation 0 of a rotating shaft. The torque T, 
acting on this shaft is expressed as: • 

Torque= ForccX lever 
or T^FXl (16-3) 

The units by which torque is measured are pound- 
feet (Ib.-ft.) or pound-inches (lb. -in.). 

16-7. Turning effort. Torqut diagram. In the same 
way in which the reciprocating motion of the piston 
is transformed into rotary motion, so are the net 
efforts exerted by the piston transformed into turning 
efforts applied to the crank. The turning effort for 
any crank position is found as follows: The net effort 
or force Fp acting on the piston, Fig. 16 5, gives the 
force Fc acting along the connecting rod if the length 
is made equal to Fp in a certain scale, and a per- 
pendicular to i-2 drawn at point 2 and extended to 
point 3, the intersection with the direction of the 
connecting rod. Length i-3 will give the force Fc 
at the same scale as Fp was drawn. Next the force Fc 
is transferred to the crankpin, keeping the same direc- 
tion, and there resolved into two components — one 
acting radially, from the crankpin toward the shaft 
center, and designated as Fr, the other at right angles 
to Fr and designated as F/. Due to the characteristics 
of a circle, a straight line forming a right angle with a 
radius and drawn through its end is always tangent 
to the circle. In this case, the circle is the path of the 
crankpin and the tangential force is the turning 
effort. The product of the turning effort times the 
crank radius R» is the torque which at this instance 
is applied to the crankshaft. 

Torque= turning cffortXcrank radius 
or r= FtR (16-4) 

If the procedure of finding the turning effort Ft is 
carried through a complete cycle taking the net efforts 
Fp from a diagram as shown on Fig. 16-3, for every 
10 or 30® of crank travel, and the forces Ft entered as 
ordinatcs using as abscissas crank travel taken to a 
certain scale, and a continuous curve drawn through 
the ends of the ordinates, a diagram is obtained, such 
as shown in Fig. 16-6. 

This diagram is called a torque diagram. Part of the 
curve is above the zero-line 0-0, Fig. 16-6, part is 
below, where the net efforts, Fig. 16-3, arc negative. 
Next, the positive areas, above the zero-line, and the 
negative areas, below it, arc measured separately and 
the negative values arc subtracted from the positive 
value. The difference is divided by the total length 
of the diagram. The result will be F/, Fig. 16-6, the 
mean turning efforts will do the same work as the 
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actual variable turning effort does per cycle. Since 
the product of a force times the distance it travels 
represents work, therefore, the mean turning effort f/, 
times the crank travel per cycle, 2irRX2 = 47rR where, 
R is the crank radius, represents the same work as the 
mean indicated pressure times four strokes. The area 
FtX^irKy cross hatched vertically in Fig. 16-6, is 
equal to the area of the indicator diagram, for which 
it was drawn, assuming that the scales for forces and 
travels are the same in both diagrams. 

In a four-stroke engine, the travel of the crankpin 
in one cycle is47rR = 27rX/, where /=2R is the piston 
travel. The travel of the piston in one cycle or two 
revolutions is 4/7. Therefore, the travel of the crank- 
pin is ir -j- 2= 1.576 times greater than the travel of the 
piston, and therefore, mean turning effort will be in 
the same proportion smaller than the mean indicated 
pressure X piston area. 

For an engine with several cylinders, the torque 
diagram is obtained first by drawing the torque dia- 
gram for one cylinder and then superimposing the 
diagrams for the other cylinders. The torque diagram 
of each consecutive cylinder is gradually shifted the 
distance which the corresponding crankpin has 
traveled to reach the starting point of the first cylin- 
der and the ordinates of the separate diagrams arc 
added in order to obtain the ordinates of the combined 
diagram. 




Figurm T6-5. Findfttg of fuming effort. 
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16-8. Flywheels. Uniformity of rotation. The tor* 
que diagram shows very clearly the flow of energy. 
Taking as reference the line m-m. Fig. 16 6, parallel 
to the zero-line and drawn a distance Ft above it, it 
will be readily seen from the former explanations that 
the sum of areas below this line is equal to the area a 
above it. Area a represents the excess encr^, over the 
average one, developed during the working stroke, 
and the areas below represent the gradual consumma* 
tion of this energy during each cycle. 

A flywheel stores up energy which corresponds to 
the excess area a during the working stroke and gives 
it back during the rest of the cycle. A torque diagram 
shows that the crankshaft does not rotate uniformly. 
Whenever the turning effort is greater than the mean 
value, there is an excessive force acting and therefore, 
the crankshaft is being accelerated; whenever the turn- 
ing effort is smaller than the mean value, or negative, 
there is a retarding force acting and the crankshaft is 
being decelerated. A torque diagram serves to deter- 
mine the weight and diameter of a flywheel required 
for proper operation of the engine. 

The flywheel serves four main purposes: 

1. To keep the variations in sirred within desired 
limits at all loads. 

2. To limit the instantaneous rise or fall in speed 
during sudden changes of load, 

3. To carry the pistons over the compression pres- 
sure when running at low or idling speed. 

4. To help bring the engine up to speed when 
starting. 

In mulficylinder engines the torque at the end of 
the crankshaft becomes more uniform, and the re- 
quired weight of the flywheel becomes very small. 
The cranks, crankpins, and large ends of the connect- 
ing r(xls have considerable rotating weight and exert 
the same influence as a flywheel. Therefore, in some 
multicylinder marine dicscl engines, flywheels arc 
not necessary and hence are not used. 

Uniformity of rotation. As already stated, the crank- 
shaft of a dicscl engine docs not turn uniformly, since 
the speed of rotation increases every time that the 
crankshaft receives a power impulse from one 6f the 
pistons, and after that begins to decrease until another 
impulse comes from the cylinder which fires next, etc. 




The number of speed fluctuations during one revolu- 
tion is equal to the number of cylinders firing per 
revolution. In a two-stroke engine it will be equal 
to the number of cylinders and in a four-stroke engine 
equal to one-half of the number of cylinders. 

If an instrument similar to a tachometer, but more 
sensitive, were to be used for measuring the speed of 
rotation of a dicsel engine, its pointer would fluctuate 
between a maximum rpm. and a minimum rpm. 
reading. On the other hand, a revolution counter 
gives the engine speed as a mean value of rpm., which 
is somewhere between the maximum rpm. and the 
minimum rpm. indicated by the sensitive tachometer 
and rather close to their average. The ratio between 
the mean rpm. and the difference between the maxi- 
mum rpm. and minimum rpm. is a measure of the 
uniformity of rotation of an engine and is called the 
coefficient of steadiness. 



Cocff. of steadiness = 



" 0 



Figvrm 16-6. 

T^qum diagram for a four'Sfrok9 singlm-cylindmr •nginm. 



mean rpm. 
max. rpm. — m in. rpm. 

(1^5) 

Uniformity of rotation depends upon the weight of 
the flywheel and other rotating parts, on the engine 
speed, and on the number of working strokes per 
revolution. Thus, all other things being equal, a 
multicylinder engine has a better uniformity of rota- 
tion, i.e., a higher coefficient of steadiness, than an 
engine with a fewer number of cylinders, and for the 
same reason a two-stroke engine has a greater uni- 
formity of rotation than a four-stroke engine. The 
influence of speed is very great and the coefficient of 
steadiness is proportional to the square of the engine 
rpm. Therefore, when the speed of an engine is re- 
duced, the coefficient of steadiness drops rapidly. 
Engines operating with variable speeds, such as boat 
and ship engines connected to a propeller, usually 
have a very low uniformity of rotation at idling speed 
and a very high uniformity at full speed. 

In diesel engines used in the Navy, the coeflicient 
of steadiness varies from about 30 in small powerboat 
engines up to 200 or even higher in multicylinder 
engines direct-coupled to electric generators. 

16-9. Speed factor. Engines are often divided 
into several classes according to their speed capacity. 
Some are classilied as low-spccd engines, others as 
medium-speed, and some as high-speed engines. 
However, unless a definite yardstick is used, the desig- 
nations remain vague. There were attempts to use 
cither the engine speed, rpm., or its piston speed, 
ft./min., as a measure of speed capacity, but neither 
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of these two methods can give correct indications. 
Rotative speed, as such, is not suitable as a speed 
characteristic because it docs not take into considera- 
tion the size of the engine. A 6<ylinderX3/^X4HX 
900 rpm. engine is not a high-speed engine, as this 
type of engine normally operates at speeds up to 
2,000 rpm. and higher. On the other hand, 81'2 i^- 
XlO)^ in. diesel engines usually operate at speeds not 
exceeding 750 rpm., and even at this lower speed 
have many features common with high-speed engines. 

The same is true, only in reverse, in respect to 
piston speeds. In a large engine a relatively high 
piston speed, 1,800 ft. min. or more, may be obtained 
with a relatively low rpm.; in a small high-speed 
engine the piston speed is not high. 

A good speed characteristic, called speed factor^ is 
obtained as a product of rpm. and piston speed. For 
the sake of obtaining smaller, more easily remem- 
bered figures, the product is divided by 100,000. 
Thus: 

Speed factors 'I^'^^S^^^l'- '"''"•^ 
^ 100,000 

The figures obtained for various existing dicsel 
engines lie between the limits of 1 and slightly less 
than 81. According to this data, all engines can be 
divided into four classes, in each class the high limit 
being obtained by multiplying the low limit by 3: 

1. Low-speed engines with a speed factor of 1 to 3. 

2. Medium-speed engines with a speed factor of 
3 to 9. 

3. High-speed engines with a speed factor of 9 
to 27. 

4. Super-high-speed engines with a speed factor of 
27 to 81. 

Example 16-3. Find the speed factor and speed 
classification of a 16X8HXlO> 2X750 engine. 
As found in Example 16-1, the piston speed is 
1,313 ft. /min., and therefore, by expression 
(16-6): 



Speed factor = 



750X1.313 
100,000 



-9.83 



According to the tabic given above, the engine, 
having a speed factor over 9 but under 27 should be 
classified as a highspeed engine. 

Practical meaning. Classification of an engine in one 
of the above-named groups according to its speed 
factor has a particular value for purposes of designing 
the engine. The knowledge of what speed group an 
engine belongs in is of value also to the engine oper- 
ator: the higher the speed classification of an engine, 
the more attention the operator should pay to keeping 
the engine in its best possible running condition, by 
observing every detail given in the manufacturer's 
instruction book, and the more careful should he be 
when inspecting or overhauling the engine. 

16-8. Problems. 1. Find the piston speed of a 
6X 5X6X 1 ,500. four-stroke engine. Ans. 1 ,500 ft. min. 

2. Find the torque developed by a 6X4X5)^X 
1,700, Navy engine, if the mean turning effort on 
each crank is 134 lbs. Ans. 184.2 lb. -ft. 

3. Determine the coefficient of steadiness for an 
engine running at 2,000 rpm., if the speed fluctuates 
during each cycle, between 2,016 and 1,984 rpm. 
Ans. 62.5. 

4. Find the speed factor of a 6X4X5^X1,700 en- 
gine. Ans. 26.5. 

lfr-9. Questions. 1. How docs the length of the 

connecting rod influence the piston travel as com- 
pared with an infinitely long connecting rod? 

2. What is piston speed and how is it determined? 

3. What is meant by inertia loads in a diesel engine? 

4. What is a net-efl^ort diagram? 

5. What is a torque diagram? 

6. W^hac arc the main purposes of an engine fly- 
wheel? 

7. What is coefficient of steadiness? 

8. What is meant by the term the speed factor in 
Navy diesel engines? 

9. What is the practical meaning of the speed 
factor? 
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17-1 • Introduction. If an clastic body is displaced 
from a position of equilibrium, it will develop a 
restoring force which tends to return it to that state. 
Therefore, when the displacing force is removed, the 
body will move toward its original position. Due to 
its inertia, the body, on its return movement, will not 
stop at its previous position of equilibrium, but will 
be carried beyond, causing a displacement in the 
opposite direction. The restoring force thus devel- 
oped in the opposite direction will reverse the action 
and the process will continue until these consecutive 
movements called oscillatiotjsox vibrations are dissipated 
or damped out by friction or other resisting forces. 
The number of vibrations per second, or the rate at 
which they occur, is known as the frequency of vibra- 
tion. If an elastic body is allowed to vibrate freely, 
it will do so at a certain rate, known as its natural 
frequency of vibration, which depends upon its shape 
and the material of which it is made. 

When displacing forces occur repeatedly on an 
clastic body, they cause vibrations known as forced 
vibrations. When these forced vibrations occur at 
the same rate as the natural frequency of vibration 
of the body, or some multiple of it, called a harmonic, 
then the free vibrations will be reinforced or ampli- 
fied by the forced vibrations. Under this condition, 
known as resonance, the displacement or amplitude of 
the resultant vibrations will be greatly magnified and 
may produce excessive stresses in the body. 

Vibrations in engines occur due to displacing forces, 
resulting from various unbalanced forces acting in the 
engine. If all the forces in an engine were constant in 
magnitude and direction, they could easily be bal- 
anced. Actually, however, the forces within an 
engine are constantly changing both in magnitude and 
direction, and are therefore, difficult to balance. The 
problem of balancing these changing forces is made 
more difficult by the reciprocating motion of certain 
parts. Engine vibrations may thus occur due to un- 



balanced rotating forces, unbalanced reciprocating 
forces, and variations in gas pressure, inertia forces, 
and torque. 

If these fluctuating forces in an engine occur at the 
same rate as the natural frequency of vibration of the 
engine structure or one of its parts, the resulting con- 
dition of resonance may increase the amplitude of the 
vibrations to such an extent that serious damage will 
result. Generally, the natural frequencies of the en- 
gine structure and its parts, are considerably higher 
than the frequency at which the unbalanced forces in 
the engine are likely to occur under normal operating 
conditions. However, if these forced vibrations occur 
so that they reinforce every second, or third, or fourth 
natural vibration and so forth, of a particular engine 
part, a condition of resonance may occur at one of 




Figvrm 17-1, Acting wgiif forc^u 
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these higher harmonics of the natural frequency of 
vibration. While resonance with these harmonics of 
higher order will not produce as great magnification 
of the vibrations as with low-order harmonics, they 
arc more likely to occur and arc responsible for the 
so-called vibration points or critical speeds within the 
normal operating speed range of the engine. 

The gas pressure P, Fig. 17-1, actmg on the piston 
of a diescl engine, is resolved into two types of forces: 

(1) a tangential force T turning the crankshaft, and 

(2) the side thrust S on the cylinder walls. To this 
is added the centrifugal force C, created by the rota- 
tion of the crankshaft with various parts attached to 
it. All these forces vary in size, direction, or point of 
application, and all can cause some kind of vibration. 

17-2. Engine vibrations. Engine vibrations may 
be classified by the type of displacements which they 
cause (see Fig. 17-2): 

Shaking: caused by fluctuating vertical or horizontal 
forces which tend to move the engine up-and-down or 
sideways, respectively. 

Rocking: caused by fluctuating horizontal forces 
acting above the center of gravity of the engine and 
tending to rock the engine about a line passing 
through its center of gravity. 

Pitching: caused bv fluctuating vertical couples 
which tend to make the ends of the engine rise and 
fall. 

Yawing: caused by fluctuating horizontal couples 
which tend to turn the engine crossways or move the 
ends to the left and right. 

Torsional: caused by fluctuating torque reactions 
which tend to twist the crankshaft as it rotates. 

From the above dchnitions it will be seen that 
shaking is due to the unbalanced reciprocating forces 
and vertical or horizontal components of the centrif- 
ugal forces, while pitching is the result of the un- 
balanced couples produced by these forces. Rocking is 
caused primarily by variations in the horizontal com- 
ponent of the piston reaction or side thrust, as shown 
in Fig. 17-1, due to changes in gas pressures, inertia 
forces, and load reaction. Yawmg occurs chiefly as a 
result of the unbalanced couples produced by the hori- 
zontal components of the centrifugal forces in a 
vertical engine, and by the horizontal components 
of the reciprocating forces in a V-type engine. Tor- 
sional vibrations are due primarily to the variations 
in torque which are caused by changes in gas pressure, 
inertia forces, and torque load reactions. 

While all these vibrations are to some extent inter- 
related, the gas pressures and load reaction will have 



little effect on the engine vibrations other than tor- 
sional and rocking. Shaking, pitching, and yawing 
vibrations are due to the unbalanced reciprocating 
and rotating forces and couples which occur in all 
engine loads unless the engine is equipped with means 
to balance them. 

In addition, there arc internal vibrations in the 
engine structure itself due to fluctuations in the gas 
pressures and inertia forces. This is evidenced in 
engine roughness, which occurs at certain vibration 
points when the frequency of the fluctuating forces 
coincides with the natural frequency of the engine 
structure or some multiple of it. For the purpose of 
preventing resonance with these vibrations, the en- 
gine frame is made as rigid as possible to increase its 
natural frequency of vibration. 

17-3. Unbalanced engine forces. As was ex- 
plained in Sec. 16-4, the inertia forces become con- 
siderably greater as the speed of the engine increases. 
These reciprocating forces are considered as acting 
only along the line parallel to the axis of the cylinder. 

In order to determine the magnitude of unbalance 
in a reciprocating engine, the moving parts may be 
considered as divided into those which are recipro- 
cating and those which are rotating. The small end 
and the adjacent part of the connecting rod are con- 
sidered as reciprocating, while the large end and the 
rest of the connecting rod are considered as rotating. 
The reciprocating weight thus consists of the piston, 
piston rings, piston pin, and the weight of the upper 
end of the connecting rod. The rotating weight con- 
sists of a weight, assumed to be concentrated at the 
radius of the crank, which will produce a centrifugal 
force equivalent to that of the entire crank structure 
plus the weight of the lower end of the connecting 
rod. 

The magnitude of the inertia force of the recipro- 
cating parts varies throughout each stroke, as shown 
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Figw 17-3. Action of cwtrifugal forc9. 



in Fig. 16-2. This force can be considered as consist- 
ing of the sum of two separate forces, a primary force 
and a secondary force. The primary force depends upon 
the weight of the reciprocating parts, as enumerated 
above, and upon the crank radius and engine speed in 
rpm. The primary force is equal to the inertia force 
which would be produced if the connecting rod were 
infinitely long. The secondary force represents the 
influence of the angularity of the connecting rod, as 
explained in Sec. 16-1. It depends upon the same 
factors as the primary force and in addition, upon the 
ratio of the length of the connecting rod to the crank 
radius. Due to their nature, the primary force alter- 
nates in magnitude and direction once per revolution, 
while the secondary force alternates twice per revolu- 
tion. 

The centrifugal force of the rotating parts always 
acts radially outward along the line of the crank, and 
thus moves around the shaft at crankshaft speed. As 
indicated in Fig. 17-3, this centrifugal force may be 
resolved into two perpendicular components: one act- 
ing along the cylinder axis, and the other acting across 
the cylinder axis. As the crank rotates, the magnitude 
of these tw^o component forces changes with each 
position of the crank, even though the resultant cen- 
trifugal force remains constant at a given speed. Since 
these forces alternate in magnitude and direction once 
per revolution, they also are considered as part of the 
primary forces. By combining the components of the 
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primary rotating and reciprocating forces, the result- 
ant unbalanced primary forces are obtained. 

Crankshaft balance. A crankshaft whose center of 
gravity coincides with its centerline is said to be 
statically balanced. With its ends supported on two 
horizontal knife edges, the shaft will be in a stable 
position at any position of the crank, and will have no 
tendency to roll. The centrifugal forces from the ro- 
tating parts of each crank structure of a statically 
balanced crankshaft, if considered to act in the same 
plane, will all balance each other. Actually, however, 
the centrifugal forces of the rotating parts of a crank- 
shaft do not act in the same plane but in different 
planes, at various distances from the middle point of 
the shaft. These forces therefore, will form couples 
(Sec. 16-6) which, unless balanced, will tend to cause 
pitching and yawing as the crankshaft rotates. When 
these couples arc completely balanced, the crankshaft 
is said to be in dynamic balance. 

Before the other moving parts of an engine can be 
balanced, its crankshaft must be in dynamic balance. 
Some crankshafts, by virtue of their crank arrange- 
ment, arc always in dvnamic balance. Others, how- 
ever, must be dynamically balanced by means of 
weights, known as counterbalances ^ or counterweights 
placed opposite their cranks. By the proper choice of 
the weight of the counterbalance and the point at 
which it is placed, its centrifugal force may be made 
exactly equal to and acting in the opposite direction 
from the centrifugal force of the other rotating parts 
of the crankshaft. A crankshaft constructed with 
counterbalances opposite every crank-throw, to bal- 
ance all the centrifugal forces, will thus also be in 
dynamic balance. 

Counterbalances, however, are not always neces- 
sary, and since they add extra weight to the crank- 
shaft, are not always used. Thus, crankshafts which 
have their cranks arranged in symmetrical pairs, each 
of which acts at the same angle and distance on 
either side of the middle point of the shaft, will be in 
dynamic balance, because the couples acting about 
the center are equal and opposite. 

In the case of multi-throw crankshafts, in two- 
stroke-cycle engines, the centrifugal forces of the 
symmetrical cranks on each side of the center of the 
shaft act at equal distances but in different directions. 
These forces will form couples which arc not bal- 
anced, and consequently the shaft is not in dynamic 
balance. In order to balance such a shaft dynamically, 
counterweights must be added to produce couples 
which arc exactly equal and opposite to the resultant 
unbalanced couples. While this could be accomplished 
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with counterbalances opposite each crank-throw, 
some crankshafts arc made with counterweights only- 
opposite the outer cranks as shown in Fig. 7-6. By 
placing these counterweights at a certain angle with 
the outer crank-throw instead of directly opposite it, 
the unbalanced couples from the inner cranks will also 
be balanced. In this way, while the centrifugal forces 
from all cranks are not individually balanced, the 
resultant couples produced by them, which would 
tend to cause pitching or yawing, arc balanced by the 
counterbalances at each end and the crankshaft is in 
dynamic balance. 

17-4, Balancers and vibration dampers. As stated 
in the above discussion concerning the components of 
centrifugal force, the primary reciprocating force has 
the same nature as the vertical component of the cen- 
trifugal force. Thus, if a counterbalance is given an 
excess weight equal to that of the reciprocating parts 
and placed at a radius equal and opposite to the 
crank, the primary reciprocating forces will be bal- 
anced. The horizontal components of this added 
centrifugal force, however, will be unbalanced. 

This principle is employed in single-cylinder en- 
gines to balance part of the reciprocating forces. A 
weight which produces a centrifugal force equivalent 
to one-half the reciprocating forces is added to the 
counterbalance. At both the top and bottom of the 
stroke, this excess centrifugal force opposes the re- 
ciprocating force and thus reduces its magnitude by 
one-half. At the position midway in the stroke, how- 
ever, since there is no reciprocating force to balance it, 
the excess centrifugal force acts across the axis of the 
cylinder. The net result is to balance one-half of the 
reciprocating forces, but causing an equivalent un- 
balancing of the horizontal components of the rotat- 
ing forces. 

In engines with two or more cylinders, all primary 
forces are generally balanced by the use of sym- 
metrically spaced cranks, or by counterbalances as 
previously explained. 

Primary couple balancers. In engines which have un- 
balanced primary couples, particularly two-stroke 
engines of 2,3,4 and 6 cylinders, an equal and opposite 
couple must be provided which has the same fre- 
quency as the crankshaft. One method of providing 
this type of balance, is the use of two balance shafts 
driven in opposite directions at the same speed as the 
crankshaft, and provided with counterweights at 
each end, as shown in Fig. 17-4. As will be seen from 
the illustration, the centrifugal forces due to the 
counterweights when they are in a horizontal posi- 



tion, are always balanced. When the weights are in 
the vertical position, the centrifugal forces will act 
up at one end and down at the other end of the engine 
and will produce a definite couple. The weights of 
these counterbalances on the balance shafts must be 
such that the resulting couple will be equal and oppo- 
site to the unbalanced couple of the crank mechanism, 
and will thus balance it. One of the counterbalance 
shafts also acts as the valve camshaft, and the 
counterweights at one end are built into their drive 
gears 6, 6. This arrangement will balance the primary 
couple which would normally tend to cause pitching 
vibrations. 

Vibration dampers. In spite of all precautions used, 
it is not possible to balance all forces and couples 
which occur in a reciprocating engine. In order to 
absorb the vibrations which cannot be balanced, the 
engine must be provided with dampers which prevent 
injury to the engine or its mount. Engine-mount 
vibration dampers consist essentially of a flexible 
engine-support made of rubber, cork, or springs. In 
order to absorb all types of vibration, this support 
should allow a small deflection of the engine in any 
direction, and absorb the vibrations without trans- 
mitting them to the foundation. An example of an 
engine vibration damper with coil springs, also called 
vibration isolator, is shown in Fig. 17-5. However, 
the fitted pins in this damper restrict its usefulness to 
absorption of vibrations due only to vertical shaking, 
pitching, and rocking. Fig. 17-6 shows a vibration 
damper in which heavy rubber pads are interposed 
between the engine-bed plate and the floor plate of the 
boat which allows a small displacement in all 
directions. 

17-5. Torsional vibration. If a long steel shaft 
with a flvwhcel fastened at one end is clamped in a 
vise at the other end, and the flywheel is given a 
slight turn, the shaft will be twisted. When the fly- 
wheel is released, the shaft will untwist itself, thus 
turning the flywheel back in the opposite direction. 




Flgvr^ 17-4, Cam and halanct'shaft oss«/n6/)r. 
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Figut% 17S» Vihrafion damper with coil springu 

Because of its inertia, however, the flywheel will not 
stop turning when the shaft is fully untwisted, but 
will continue to turn until the shaft is twisted up in 
the opposite direction. Since steel is elastic, this shaft 
will continue to twist and untwist in opposite 
directions until the internal friction between the steel 
fibers slows it down, or damps out the angular 
vibration. 

The twisting and untwisting of a shaft is known as 
torsional vibration. Every shaft has a certain natural 
frequency of torsional vibration depending on its 
size, shape, elasticity, and attached weights. For in- 
stance, a long, thin, steel shaft with one end Hrmly 
secured and the other end fastened to a heavy flywheel 
will vibrate, or twist and untwist, much more slowly 
than will a short thick steel shaft to the free end of 
which the same flywheel is attached. The long thin 
shaft, together with the flywheel, is thus said to 
have a lower natural frequency of torsional vibration. 
The shorter and thicker an engine shaft is, the higher 
will be the natural frequency of its torsional vibration. 

In an engine crankshaft, the forces exerted by firing 
in the cylinders tend to twist the crankshaft while it 
is rotating. This gives rise to periodic vibrations 
which in normal operations are so small that they arc 
not evident and are not ordinarily harmful. If, how- 
ever, these periodic impulses happen to coincide with 
the natural frequency of torsional vibration of the 
engine crankshaft and attachments, then these im- 
pulses reinforce each natural vibration, and the result- 
ing vibrations may become so great that the stresses 
in the crankshaft will exceed the safe value and the 
shaft finally will break. However, even before the 
crankshaft breaks, the excessive torsional vibratioa 
may cause other serious damage, such as pounding or 



breaking teeth in the gears that arc driven by the 
crankshaft. 

The speed of crankshaft rotation at which these 
twisting impulses occur in the same rate as the natural 
frequcncv of torsional vibrations, is called the critical 
speed of the first order. The crankshafts on all properly 
designed engines have natural frequencies so high that 
the critical speed of the crankshaft system can never 
be reached in normal operation. 

If an engine is run at a speed at which the twisting 
impulses occur at a rate which is half of the crank- 
shaft's natural frequency of torsional vibration, the 
twisting impulses will reinforce every second natural 
vibration. The speed at which this vibration point 
occurs, is called the critical speed of the second order. 
Similarly, depending upon the engine characteristics, 
critical speeds may occur at which these impulses 
reinforce every third or fourth natural vibration, and 
so on. This is called the critical speed of the third or 
the fourth order, etc. When, in bringing an engine 
up to speed, a crankshaft vibration point is reached, 
it is usually due to a critical speed of higher order, 
which, although not so destructive as the first-order 
critical speed, should be run past as quickly as possible 
to avoid any possible detrimental effects. Where an 
engine is to be run at a constant speed, other than the 
rated speed for which it was designed, it must not 
be at or near any critical speed. 

High-speed, multi-cylinder engines are more likely 
to run through critical speeds than low-speed engines, 
because the size and weight limitations prevent the 
use of large-diameter crankshafts, and yet, a long 
shaft is necessary. A large number of cylinders and 
high operating speed result in a great number of firing 
impulses tending to twist the crankshaft. These fac- 
tors tend to bring the low-order critical speeds within 
the operating speed range of the engine. 

In order to obtain high natural frequencies, crank- 
shafts arc made as short and as large in diameter as 




Figyrm 17-6. Vibration damper with rubbor. 
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possible. In order to keep the weight down» and yet 
assure sufficient rigidity to avoid critical speeds within 
the operating range of the engine, some crankshafts 
arc made large in diameter but hollow. For the same 
reason, the flywheels arc made as light in weight as 
possible. 

Torsional vibration dampers. It is not always possible 
to make a crankshaft so rigid that resonance with some 
of the higher-order harmonics of its natural frequency 
will not occur within the operating speed range. 
Therefore, crankshafts on multi-cylinder, high-speed 
engines, are generally equipped with torsional vibra- 
tion dampers which prevent vibrations from building 
up to dangerous amplitudes when operating at or 
near a critical speed. 

Torsional vibration damjxrs limit the amplitudes 
of the vibrations by providing frictional resisting 
forces which oppose them. The vibrating energy is 
thus converted into heat which is dissipated without 
harmful affects on the engine. 

Torsional vibration dampers usually consist of a 
small, flexibly driven flywheel mounted at the oppo- 
site end of the crankshaft from the main flywheel. In 
some cases, the damper flywheel is driven by a spring- 
loaded friction clutch which tends to keep it rotating 
at crankshaft speed. If the crankshaft starts vibrating 
torsionally, it will tend to turn the damper flywheel 
cither faster or slower as it twists first one way and 
then the other. But the inertia of the damper fly- 
wheel will tend to keep it rotating at constant speed 
and will thus oppose thevibrating forces. By adjusting 
the tension of the springs on the friction-driven clutch, 
it can be made to slip when the vibrating forces reach 
a certain magnitude. The vibrating energy will then 
be converted into heat by doing work against the 
clutch friction, and this heat is dissipated to the 
surroundings. 

A similar effect is obtained by driving the damping 
flywheel through a rubber coupling. In this case, the 
vibrating forces will tend to deflect the rubber and 
thus expend their energy against the internal friction 
of the rubber which is dissipated in heat as before. 
In order to take care of vibrations occurring at different 
speed ranges, some engines are equipped with a vibra- 
tion damper consisting of two small flywheels of 
unequal weights so that their resisting forces will be 
most efTective at different speeds. 

Another type of torsional vibration damper, some- 
times called a harmonic balancer, consists of an auxiliary 
flywheel driven by flexible leaf springs. The vibrating 
energy in this case is dissipated by the friction be- 
tween the leaves of the springs sliding over each other. 



The same principle is also employed in elastic cou- 
plings between the crankshaft and the main flywheel, 
which serve to damp out some of the torsional vibra- 
tions. This tvpe of damper usually operates in lubri- 
cating oil which assists in damping the vibrations by 
its viscous friction and also carries away the heat 
generated. In a similar manner, hydraulic couplings 
or fluid drives also damp out and prevent the trans- 
mission of torsional vibrations between the crank- 
shaft and the driven load. 

Pendidluw'type damper. This device consists of two 
or more symmetrically located, heavy steel segments 
or balances. Fig. 17-7, suspended so that they can 
swing in the plane of rotation, similar to a pendulum. 
The weight of the segments and length of the links 
are so selected that the natural frequency of swinging 
of the segments is equal to the frequency of vibrations 
of the shaft system which must be damped out. During 
undisturbed rotations of the shaft, the centrifugal 
force keeps the pendulum weights at the greatest dis- 
tance from the axis of rotation. When vibration of the 
shaft starts, the weights will begin to swing and thus 
will be periodically drawn nearer to the shaft axis. 
Fig. 17-7. The work of bringing the pendulums closer 
to the axis against the resistance of the centrifugal 
force, is derived from the energy put into the shaft 
when it starts to vibrate, and thus reduces this energy 
and damps out, or at least, considerably reduces the 
angle of torsional vibration of the shaft. In actual 
construction, the pendulums are suspended, not on 
links but on pins inserted through holes, which arc 




Figuf 17-7. Action of o ponJvhm vibrafion dampor. 
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drilled in the sectors and in the housing and are 
slightly larger than the pin diameter. However, 
their action is the same as with the use of the links. 

17-6. Valve spring vibration. Vibration also may 
inHucnce the operation of the valve springs of an en- 
gine. Whenever a sudden blow is struck on one end 
of a coil spring, as by the action of the valve-operating 
cam, it will tend to start the coils vibrating. These 
vibrations are transmitted through the coils at the 
rate of its natural frequency of vibration. When re- 
peated blows arc struck on the end of the valve spring 
at a rate which is the same as the natural frequency of 
the spring, or some multiple or harmonic of it, then 
the vibrations will be amplified by each impulse. 
Under this condition, known as resonance, the ampli- 
tude of vibration of the coils will be greatly magnified 
and spring surge may result. 

Spring surge. When surge occurs in a spring, the coils 
arc compressed by the compressive wave of vibration 
as it travels from one end of the spring to the other. 
Since the end coils of a valve spring arc fixed, most of 
the surge occurs in the center coils. Under unfavorable 
conditions, these coils arc compressed sufficiently to 
reduce the effective force of the entire spring, and may 
permit the valve gear to bounce. Another serious 
result of surge is breakage of the valve springs due to 
the extreme compression of a few coils at the end of 
the spring when they come together with a shock 
instead of having an equal compression of all coils 
as in normal operation. 



Valve-spring surge will occur at certain engine 
speeds when the impact of the cams on the valve gear 
happens to be in resonance with some harmonic of the 
natural frequency of vibration of the spring. In order 
to eliminate surge, the natural frequency of vibration 
of valve springs is made as high as possible, usually 
several times as great as the maximum camshaft speed. 

Where a single spring cannot be designed with a 
sufficiently high natural frequency, two or more 
smaller springs are used, since smaller springs have a 
higher frequency of vibration. Multiple-valve springs 
usually have different natural frequencies so that surge 
will not affect all of them at the same time, and if 
one spring should break, the engine could still oper- 
ate temporarily with the remaining spring or springs. 

17-7. Questions. 1. What is meant by the na- 
tural frequency of vibration oPan engine part? 

2. What is meant by the critical speed of an engine? 

3. Enumerate the types of vibrations which may 
be produced in a diesci engine. 

4. What may cause vibrations in a diesci engine? 

5. What is the main object of counterweights on a 
dicsel engine crankshaft? 

6. What is a primary-couple balancer? 

7. What is the object of using vibration-damping 
mountings? 

8. What is torsional vibration? 

9. What methods are used to damp out torsional 
vibration of a diesel engine crankshaft? 

10. W^hat IS spring surge? 
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Abscissas, 6-1 
Abundant lubrication, 10-7 
Acidity, 3-3. 3-7 
Acoustic filters, 11-4 
Acceleration, 2-2 
Additive oils, 3-7, 11-2 
Advantages of dicscl engines, 1-3 
Air-cIcancrs, 11-4 
Air-fuel ratio, 3-4 
Air-injection, 4-2, 9-2 
Air-intake system, 11-4 
Air turbulence, 6-5, 9-3 
Alpha-Mcthyl-Naphthalcnc, 3-5 
Area, 2-2 

Articulated rod, 7-8 

Ash, 3-3, 3-7 

Atomization, 9-1, 9-3 

Atomizer disks, 9-2 

Automatic valve-lash adjusters, 8-8 

Auxiliaries, definition of, 12-1 

Average acceleration, 2-2 

Balancers and vibration dampers, 17-^ 
Ball bearings, 10-3 
Battery, storage, 14-2 

Bearings, lOl; construction, 10-2; ball bearings, 10-3; 
roller bearings, 10-3; thrust bearings, 10-4; plain bear- 
ings, 10-4; tilting-shoc bearings, 10-4; wrist-pin bearings, 
10-5; Kingsbury thrust, 10-6 

Bearing pressure, 10-2 

Bed plate, 4-1 

Blowers, 11^, 12-2 

Bmcp. limitcr, 13-6 

Boiling point, 3-2 

Bonnet, 12-5 

Booster, 11-1 

Bore, 4-1 

Brake mean cflfcctivc pressure, 6-3 
By-pass, 11-2 

Giblcs and switches, 14-2 
ams. 8-2 

Cam followers, 4-1, 8-3 
Camshaft, 4-1, 8-2 
Carbon, 3-1 

Carbon residue, 3-3, 3-7 
Centrifugal purifier, 11-1 



Cctane number, 3-3, 3-5 
Check valve, 9-8 
Chemical energy, 2-6 
Clearance, 10-6 

Clutch, 15-1; friction, 15-2; hand operated, 15-2; hydraulic 

operated, 15-2; pneumatic, 15-2 
Clutch coupling, 15-1 
Cold weather starting, 14-4 
Color, 3-7 

Combustion, 3-4, 5-3, 6-4 

Combustion and ignition delay, 6-4 

Combustion space, 5-2 

Common-rail mechanical injection, 9-3, 9-4 

Compensating device, 13-5 

Compressed air starting, 14-3 

Compression-ignition engines, 1-2, 5-2 

Compression rates, 5-2, 14-1, 14-4 

Compression stroke, 5-1 

Conduction, 2-7 

Connecting rod, 4-1; types of, 7-8; 16-1 

Conservation of energy, 2-6 

Constant pressure, 5-3 

Constant speed governors, 13-2 

Constant volume, 5-3 

Control sleeve, 13-3 

Convection, 2-7 

Cooling requirements, 11-3 

Cooling systems, 11-3; purposes, 11-3; requirements, 11-3 

Cooper-Bessemer system, 9-4 

Corrective action, 13-3 

Couple, 16-6, 17-3 

Coupling, 15-1 

Crank, 16-1 

Crankcase, 7-2 

Crank pin, 4-1 

Crankshaft, 4-1, 7-4, 7-5; balance of, 17-3 
Cross -flow, 5-5 

Crosshead guide, 7-4, 7-10, 10-5, 16-1 
Crude petroleum, 3-1 

Cylinder, 2-5, 4-1; arrangement, 4-2; liner, 4-1; types, 7-3, 
10-5 

Cylinder head, 4^1, 7-3 

Damper, pendulum type, 17-5 
Day tank, 11-1 
Dead-beat governing, 13-5 
Deceleration, 2-2 
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Degrees, 2-A 
Derived units, 2-2 
l>ctergcnt oils, 3-7 

Diesel engine, definition, 1-2; usage, 1-4; advantages, 1-5; 

fuels, 3-3; leads, 13-1 
Distance (d), 2-3 
Distillation, 3-2 
Distributor injector, 9-3 
Distributor starting valve gear, 14-3 
Distributor system, 9-9 
Double-acting engines, 4-2 
Drives, camshaft, 8-2 
Droop, speed, 13-2 
Dry cylinder liocr, 7-3 

Eastern crude oil, 5-1 
Efficiency, 6-3 
Electric heaters, 14-4 
Electric magnetic clutch, 15^ 
Electric motors, 14-2 
Electric power, 2-3 
Electric starting, 14-2 
Emulsion, 3-7 
Engaging, 15-2 

Engines, compression ignitioa, 1-2; designation, 4-3; effi- 
ciencies, 6^3; flat, 4-2; four-stroke, 14-5; frame, 7-2; 
internal combustion, 1-3; leads 13-1; oil gallery, 10-7; 
opposed piston, 4-2; parts, 4-1; spark ignition, 1-2; 
speed, 13-8; systems, 11-1; types, 4-2; two-stroke, 5-4, 
14-5; vertical shaft, 4-2 

Energy, conservation, 2-6, internal, 2-6; kinds, 2-^; kinetic, 
2-6; units, 2-6 

Ether, 14-4 

Exhaust driven centrifugal blowers, 12-2 

Exhaust heated evaporators, 11-5 

Exhaust manifold, 11-5 

Exhaust pipe, 11-5 

Exhaust ports, 11-5 

Exhaust valves, 11-5 

Exhaust stroke, 5-1 

Exhaust system 11-S 

Expansion tank, 11-4 

External gear, 15-5 

External load, 13-1 

Filter, 11-1 
Flame primers, 14-^ 
Flash point, 3-3, 3-7 
Flat check valve, 9-B 
Flat engine, 4-2 
Flexible piping. 12-5 
Fluid friction, 10-6 
Flyballs, 13-3 
Flyweights, 13-3 
Flywheel, 4-1, 16-8 
Foot-pound, 2-6 
Force (F), 2-3 
Forcc-fced lubrication, 10-7 



Fork and blade rod, 7-8 

Four-srroke-cycic events, 5-1; engines, 14-5 

Fractional distillation, 3-2 

Friction, 10-3, 10-6; clutch, 15-1; influence of, 13-3; 

surfaces, 15-2 
Fuels, dicscl, 3-3; gasoline as, 3-6 
Fuel injection, 4-2, 8-2; requirements, 9-1 
Fuel, line, 4-1; nozzles, 9-7; pump, 9-2, 12-3; overload 

devices, 14-4; system, 11-1 
Fundamentals, importance of, 1-7 

Gases, characteristics, 2-5; pressures, 10-2; properties, 2-5 
Gasoline, as diesel fuel, 3-6; as priming, 14-4 
Gauge and absolute pressures, 2-5 

Gear, 9-8, 15-1 ; external, 15-5; internal, 15-5; reverse, 15-6; 

timing, 4-1, 12-2 
Glow plugs, 14-4 
Governors, function of, 13-2 
Greases, 3-7 

Hand operated clutches, 15-2 
Harmonic, 17-1; balance, 17-5 
Head centers, piston, 4-1 

Heat, 2 6; exchanges, 12-3; flow of, 2-7; lower heat value, 

3-4, specific, 2-7; transfer of, 2-7, 11-3 
Horsepower, 2-3; hour, 2-6; indicated, 6-2 
Hour, horsepower, 2-6 
Hunting, 13-2 
Hydraulic adjuster, 8-8 
Hydraulic governors, 13-2, 13-4. 13-5 
Hydraulic operated clutches, 15 2, 15-3 
Hydrocarbons, 3-1 
Hydrogen, 3-1 

Idle speed stability, 13-1 

Ignition, delay, 3-5, 6-4, 6-6; quality, 3-3, 3-5 
Impellers, 12-2 
Indicator cards, 6-2 

Individual pump mechanical injection 4-2, 9-3 
Inertia, forces of, 10-2, 16-3; loads, l6-4 
Injector, 4-1; injector pressure, 9-5; unit, 9-8 
Injection lag, 6^ 

Intake headers and piping, 11-4; silencers, 11-4 

Intermittent lubrication, 10-7 

Internal combustion engine, 1-3 

Internal energy, 2-6; gear, 15-5; load, 13-1 

Isochronous governing, 13-2; compensation, 13-5 

Jerk pump, 9-6 
Journal bearings, 10-1 

Kilowatt hour, 2-6 
Kinetic energy, 1-6 
Kingsbury thrust bearing, 10-6 

Leads, dicscl engine, 13^1 
Leaves, 11-1 

Limitations of performance, 13-8 
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Linear motion, 2-Z 
Link, 9-9 

Load distribution, 13-5 
Load limiting governors, 13-2, 13-6 
Loads, inertia, 16-4; internal, 13-1 
Lobes, 12-2 

Low air temperature, 14-4 
Lower heat value. 3-4 
Lubrication, types of, 10-7 

Lubricants, 3-7; bearings, 10-3; diesel engines, 3 8; oils, 

properties of, 3-7; principles of, 10-6 
Lubricating oil pumps, 12-3; systems, 11-2 

Main events, 5-1 

Master rod, 7-8 

Mid-continent oil, 3-1 

Mean indicated pressure, 6-2 

Measurement, units of, 2-1 

Mechanical adjuster, 8-8 

Mechanical efficiency, 6-3 

Mechanical engagement, 14-2 

Mechanical governors, 13-2 

Mechanical injection, 4-2, 9 3 

Mechanical potential energy, 2-6; efficiency, 6-3 

Metering, 9-1, 9-5, 9-6 

Methods, scavenging, 5-5 

Mufflers, 11-5 

Multiple engine units, 4-2 

Navy symbols, 3-7 

Needle valve, 9-2 

Net effort diagrams, 16-5 

Normal connecting rod, 7-8 

Normal pressure, 2-5 

Normal standard temperature, 2-4 

Oil film, 10-6 
Operating cycles, 4-2 
Operating conditions, 10-2 
Opposed piston, 5-5 
Opposed piston engines, 4^2 
Ordinatcs, 6-1 
Ordnance, 6-1 
Overlapping, 6-7 
Overloading, 13-8 
Ovcrspeed governors, 13-7 
Overspeed trip, 13-7 
Oxidation, 3-7 

Pinion, 15-5 

Pendulum type damper, 17-5 
Piping resistance, 12-5 

Pistons, 2-5, 4-1, 7-6; action, 4-2; actuating, 13-5; displace- 
ment, 4-3; head-centers, 5-1; receiving, 13-5; rings, 7-7; 
r(xl, 7-9, 10-5; speed, 16-2; travel, 16-1 

Pitching, 17-2 

Plain bearings, 10-4 

Planetary reverse gear, 15-6 



Plate type cooler, 12-4 

Poppet valves, 8-5 

Plunger control pumps, 9-6 

Plunger follower, 9-8 

Pneumatic clutches, 15-2 

Polar diagrams, 10-2 

Positive displacement blowers, 12-2 

Ports, scavenge, 5-4 

Pour point, 3-3, 3^7 

Power, 2-3; stroke, 5-1 

Practical meaning, 16-7 

Precision workmanship, 9-5 

Pressure lubrication, 10-7 

Pressure volume diagrams, 6-1, 6-2; waves, 9-5 

Priming pump, 11-2 

Primary couple balancers, 17-3 

Promptness, 13-2 

Properties of lubricating oils, 3-7 

Pump, 4-1, 12-3; fuel pump, 9-2; jerk, 9-6; plunger control, 

9- 6; valvc<ontrol, 9-6; drives, 9-6; fuel transfer, Il-i; 
priming, 11-2; lubricating oil, 12-3; water, 12-3 

Pump drives, 9-6 
Push rods, 4-1 

Questions, 1-8, 2-9, 3-10, 4-5, 5-7, 6-9, 7-11, 8-9, 9~ll, 

10- 9, 11-7, 12-6. 13-10, 14-7. 15-8, 16-9, 17-7 

Rack, 9-8 
Radiation, 2-7 
Radiator type coolers, 12-4 
Reduction gears, 15-5 
Regulating ring, 12-5 
Relief valves, 12-5 
Resonance, 17-1 
Return-flow, 5-5 
Reverse gears, 15-6 
Reversing, 14-1, 14-5 
Ribbons, 11 -1 

Reciprocating motion, 16-1 

Ring, chain, collar lubrication, 10-7 

Rods, piston, 7-9 

Rocker arms, 4-1, 8^ 

Rocker lever, 9-9 

Rocking, 17-2 

Roller bearings, 10-3 

Roots, blower, 12-2 

Rotary motion, 2 2 

Rotation, uniformity of, 16-8 

Rotors, 12-2; primary, secondary, 15-4 

Saybolt Universal, 3-3 
Scavenge air, 5-4 

Scavenging, 5-4, 5-5; efficiency, 6-3, blowers, 11-4 
Sediment, 3-3, 3-7 
Selective reverse gear, 15-6 
Sensitivity, 13-2 
Shaking, 17-2 
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Shell and tube cooler, 12-4 
Shunt, 11-2 
Silencing, 11-5 
Slow turning, 14-4 
Spark arresters, 11-5 
Spark ignition engines, 1-2 
Specific heat, 2-7 

Speed, 2-2, 4-2; droop, 13-2; engine, 13 8; factor, 16-9; 

piston, 16-2; ratio, 15-5 
Spray nozzle, 4-1 
Spray valve, 9-2 

Spring loaded centrifugal governors, 13-2, 13-3 

Spring retainers, 8-7 

Spring scale, 6-2 

Spring surge, 8-7. 17-6 

Stability, 13-2 

Starting, 14-1 

Storage, battery, 14-2; tank, 11-1 

Strainer, 11-1 

Stroke, 4-1; suction, 5-1 

Sulfur, 3-3. 3-7 

Sump, 11-2 

Super charging, 6-7, 11-4 
Tail -pipe, 11-5 

Temperature, 2-4; regulators, 12-5 
Thermal efficiency, 6-3 
Thermostatic elements, 12-5 
Thrust bearings, 10-1, 10-4 

Timing and injection, 6-6, 9 1, 9 5, 9 6; of events, 5-1 
Timing gears, 4-1, 12-2 
Torque, 16-6; limiter, 13-6 
Torsional, 17-2; vibration, 17-5 
Transfer, 2-6 

Trends in development, 1-6 
Turbulence, 6-5 
Turning effort, 16-7 
Two-speed governors, 13-3 
Two-stroke-cyclc events, 5-4; engines, 14-5 

Unbalanced engine forces, 17-3 
Uniflow, 5-5 



Uniform velocity, 2-2 
Uniformity of rotation, 16-8 
Unit injector, 9-8 
Universal orifice, 3-3 
Usage of diescl engines, W 

V-arrangement, 4-2 

Vacuum operated clutches, 15-2 

Valves, 4-1; check valve, 9-8; construction, 8-5; flat check 
valve, 9-8; exhaust, 11-5; gauges, 8-6; gear, 8-1; guides, 
8-6; lash and adjustment, 8-8; needle, 9-2; relief, 12-5; 
requirements, 8-5; seat inserts, 8-6; springs, 8-7; timing, 
6-6 

Valve controlled pumps, 9-6 
Variable speed governors, 13-2, 13-3 
Velocity, actual, 2 2; uniform 2-2; varying, 2-2 
Vertical shaft engines, 4-2 

Vibration, dampers, 17-4; frequency, 17-1; points, 17-1; 

torsional, 17-5 
Viscosimeter, 3-3 
Viscosity, 3-3, 3-7 
Volatility. 3-3 

Volume, 2-2, 2-5, 6-1; constant, 5-3 
Volumetric efficiency, 6 3 

Water jacketed cylinder liner, 7-3 

Water pumps, 12-3 

Webs, 4-1 

Wedge action, 10-6 

Western crude oil, 3-1 

Wet cylinder liner, 7-3 

Whitfield blower, 12-2 

Wobble plate, 9^ 

Work, of a cycle, 6-1; fH)wcT, 2-3, 6-1 
Wrist-pin, 4-1, 7-6; bearings, 10 5 

Yawing, 17-2 
Yoke, 13-3 

Zero-pressure, 6-1 
Zinc electrodes, 12-4 
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